The Interactions of Proteins in Food Systems. by Comfort, Sarah.
The Interactions of Proteins in 
Food Systems
A Thesis Submitted to the University of Surrey in 
Partial Fulfilment of the Requirements for the 
Degree of Doctor of Philosophy in the Faculty of 
Science
By
Sarah Comfort
School of Biological Sciences 
University of Surrey 
Guildford 
Surrey
October 1995
ProQuest N um ber: 27557904
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is d e p e n d e n t upon the quality of the copy subm itted.
In the unlikely e v e n t that the author did not send a c o m p le te  manuscript 
and there are missing p a g e s , these will be n oted . Also, if material had to be rem oved,
a n o te  will ind icate the deletion .
uest
ProQuest 27557904
Published by ProQuest LLO (2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C o d e
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 8 1 0 6 -  1346
Abstract
The aim of this work was to study the gelling behaviour and gel properties of selected 
mixed protein systems, namely soya protein isolate with whey protein isolate, and 
deamidated wheat protein with salt-soluble meat proteins.
Initially the four protein isolates used (soya isolate PP 500E, Bipro whey isolate, 
soluble wheat protein, and salt-soluble meat proteins) were characterised for protein 
composition, surface and exposed hydrophobicity and thermal stability. On heating, 
the three commercial isolates did not show any conformational transitions by 
Differential Scanning Calorimetry (DSC) but the salt-soluble meat proteins denatured 
at around 55 °C. Studies of the individual protein isolates using phase contrast and 
transmission electron microscopy (TEM) as well as small and large deformation 
rheological techniques, showed that the most fine-stranded gels - those of Bipro whey 
isolate and soluble wheat protein - had high storage and shear moduli as well as high 
fracture shear stress and strain values but minimal syneresis. In comparison, gels with 
a more open network structure - those of the salt-soluble meat proteins - had a lower 
storage modulus and water-holding capacity. The gels with a randomly aggregated 
structure - those of soya isolate PP 500E - had low storage modulus but high shear 
modulus values and low water-holding capacity.
Studies on the mixed protein gelling systems, using similar rheological and microscopic 
techniques, showed that soya isolate PP 500E - Bipro whey isolate mixtures phase 
separated with a phase inversion at a 5:1 ratio. Thus, due to differences in the gelling 
mechanism of the two isolates, Bipro whey isolate formed the continuous phase even 
when it was the minor component by weight.
Soya isolate PP 500E gelled below its minimum gelling concentration (< 14 % w/w) by 
the addition of small amounts (1 % w/w) of Bipro whey isolate which were sterically 
limited into small inclusions. The resultant increase in the effective concentration of 
Bipro whey isolate caused the gel to be more elastic than the typical soya isolate PP 
500E colloidal aggregated gel.
Mixtures of the 11S globulin - glycinin - (which was 70 % (w/w) of soya isolate PP 
500E), isolated from the native soya bean, and p-lactoglobulin (which was 70 % (w/w) 
of Bipro whey isolate) phase separated. However, mixtures of these native proteins 
formed larger phase domains when compared with the commercial isolate mixtures. 
By using isolates which had been processed to different degrees this phenomenon 
could be exploited to gain the optimum phase dimensions for a product.
Gels formed in the autoclave (120 °C, 2 atm.), from low ratios of soluble wheat 
protein (1 % w/w) to salt-soluble meat protein (19 % w/w) with added calcium (20 
mM), had higher values of shear modulus and storage m o^lU^ when compared with 
those obtained from salt-soluble meat protein gels (20 % w/w) with added calcium. 
The mixed gel was also more elastic and less prone to syneresis than salt-soluble meat 
protein gels. Electron microscopy indicated that the soluble wheat protein was 
involved in binding the fibrous network strands of the salt-soluble meat protein gel.
In general, for both the single and mixed protein systems studied, the rheological 
behaviour of gels were directly related to their structure. The addition of small 
amounts of one protein to another had the greatest effect on the structure and 
rheological properties of the resultant mixed gel. From this it was concluded that if a 
protein is present in small amounts it will be dispersed throughout the system forming 
pockets of concentrated protein dispersions thereby increasing gel strength. When 
more of the dispersed protein is added it self-associates and this is likely to de-stablise 
the system.
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Objectives
The aim of this work was to study the nature of interactions between food proteins, in 
order to enhance their gelling behaviour.
The objectives were therefore:
(i) to determine the physicochemical characteristics of the individual proteins or 
isolates chosen for study (namely soya isolate PP 500E, Bipro whey isolate, 
soluble wheat protein, salt-soluble meat proteins), in order to explain phenomena 
observed in systems containing selected mixtures of these proteins;
(ii) to relate the rheological behaviour of the single and mixed protein gels to the 
structures of the gels formed and
(iii)to predict the mechanisms for protein-protein interactions from the behaviour 
observed in the selected protein mixtures.
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Abbreviations
11 s  The l i s  globulin of soya, glycinin
7S The 78 globulin of soya, p-conglycinin
A280 Absorbance at 280 nm
DSMO Dimethyl sulphoxide
DSC Differential scanning calorimeter/calorimetry
DTT Dithiothrietol
ELISA Enzyme linked immunosorbant assay
LM Light microscope/microscopy
PBS Phosphate buffered saline
PBS-T Phosphate buffered saline with Tween-20
PBS-GT Phosphate buffered saline with Gelatin and Tween-20
SDS Sodium dodecyl sulphate
SI Soya isolate
SSMP Salt-soluble meat protein
SWP Soluble wheat protein
TEM Transmission electron microscope/microscopy
TMB 3,3’,5,5’-Tetramethylbenzidine
WHO World health organisation
WI Whey isolate
(w/w) Grams of protein (not powder) per gram of distilled water
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P l a t e  5 .2 7  T E M  o f  a  9  %  (w /w )  s o y a  i s o l a t e  P P  5 0 0 E  a n d  9 %  (w /w )  B ip r o  w h e y  i s o l a t e  
MIXED GEL, ‘WHEY PHASE’. WHEY 15 NM, AND SOYA 5 NM IMMUNO GOLD LABELS, X 
100,000
P l a t e  5 .2 8  T E M  o f  a  9 %  (w /w )  s o y a  i s o l a t e  P P  5 0 0 E  a n d  9  %  (w /w )  B ip r o  v t i e y  i s o l a t e  
MIXED GEL, ‘s o y a  PHASE’. WHEY 15 NM, AND SOYA 5 NM IMMUNO GOLD LABELS, X 
100,000
P l a t e  5 .2 9  T E M  o f  a  5 %  (w /w )  s o y a  i s o l a t e  P P  5 0 0 E  a n d  15 %  (w /w )  B ip r o  w h e y  i s o l a t e  
MIXED GEL, ‘WHEY PHASE’. WHEY 15 NM, AND SOYA 5 NM IMMUNO GOLD LABELS, X 
100,000
P l a t e  5 .3 0  T E M  o f  a  5 %  (w /w )  s o y a  iso l a t e  P P  5 0 0 E  a n d  15 %  (w /w )  B ipr o  u t ie y  iso l a t e  
MIXED GEL, ‘SOYA PHASE’. WHEY 15 NM, AND SOYA 5 NM IMMUNO GOLD LABELS, X
100,000
P l a t e  5 .3 1  T E M  o f  a  15 %  (w /w )  s o y a  iso l a t e  P P  5 0 0 E  a n d  5 %  (w /w )  B ipr o  w h e y  iso l a t e  
MIXED GEL. W h e y  15 n m  a n d  s o y a  5 n m  im m u n o  g o l d  l a b e l s , X 4 6 ,0 0 0  
P l a t e  5 .3 2  T E M  o f  a  15 %  (w /w )  s o y a  iso l a t e  P P  5 0 0 E  a n d  5  %  (w /w )  B ipr o  w h e y  iso l a t e  
MIXED GEL. W h e y  15 n m  a n d  s o y a  5 n m  im m u n o  g o l d  l a b e l s , X 4 6 ,0 0 0  
P l a t e  5 .3 3  T E M  o f  a  15 %  (w /w )  s o y a  iso l a t e  P P  5 0 0 E  a n d  5 %  (w /w )  B ipr o  w h e y  iso l a t e  
MIXED GEL. W h e y  15 n m , a n d  s o y a  5 NM IMMUNO GOLD LABELS, X 1 0 0 ,0 0 0  
P l a t e  5 .3 4  P h a s e  c o n t r a s t  m ic r o g r a p h s  o f  a  m ix t u r e  o f  g l y c in in  a n d  P -l a c t o g l o b u l in  
(1 ;1 ) .a ; a t  r o o m  t e m p e r a t u r e , xlO O  b ; m ix e d  a t  1 5 ,0 0 0  r p m f o r  1 m in ., x  100  c;  
ALLOWED TO SETTLE FOR 1 MIN. AFTER MIXING, X 100  D: HEATED TO 9 0  °C  TO FORM 
A MIXED GEL, X 100  E: MIXED GEL ‘PHASE 1’, X 4 0 0  F: MDŒD GEL‘PHASE 2 ’, X 4 0 0 .  
P l a t e  5 .3 5  T E M  OF A 1:1 g l y c in in  (1 IS )  a n d  P -l a c t o g l o b u l in g e l  ‘P h a s e  1 ’. p -  
LAÇTOGLOBULIN 15 NM AND 1 IS  5 NM IMMUNOGOLD LABELS, X 8 0 ,0 0 0  
P l a t e  5 .3 6  T E M  o f  a  1:1 g l y c in in  (  11 S) a n d  P -l a c t o g l o b u l in  g e l  ‘P h a s e  1 ’ . p -  
LACTOGLOBULIN 15 NM AND 1 I S  5 NM IMMUNOGOLD LABELS, X 1 0 0 ,0 0 0  
P l a t e  5 .3 7  T E M  o f  a  1:1 g l y c in in  (1 IS )  a n d  P -l a c t o g l o b u l in  g e l  ‘P h a s e  2 ’ . p -  
LACTOGLOBULIN 15 NM AND 1 IS  5 NM IMMUNOGOLD LABELS, X 4 6 ,0 0 0  
PLATE 5 .3 8  T E M  OF A 1:1 GLYCININ (1 IS )  AND P-LACTOGLOBULIN GEL‘PHASE 2 ’ . p -  
LACTOGLOBULIN 15 NM AND 1 IS  5 NM IMMUNOGOLD LABELS X 1 0 0 ,0 0 0
CHAPTER 6 SOLUBLE WHEAT PROTEIN AND SALT SOLUBLE MEAT PROTEIN 
MIXED GELS
P l a t e  6 .1  P h a s e  c o n t r a s t  m ic r o s c o p y  o f  2 0  %  (w /w )  S W P  (2 0  m M  c a l c iu x i) a t  2 0  °C , 
XlOO
P l a t e  6.2 P h a s e  c o n t r a s t  m ic r o s c o p y  o f  2 0  %  (w /w )  S W P  (2 0  m M  c a l c iu m ) a t  9 0  °C ,
XlOO
P l a t e  6 .3  T E M  o f  a  2 0  %  (w /w )  S W P  (2 0  m M  c a l c iu m ) g e l , x  8 0 0 0  
P l a t e  6 .4  T E M  o f  a  2 0  %  (w /w )  S W P  g e l  (2 0  m M  c a l c iu m ), x  2 8 ,0 0 0  
P l a t e  6 .5  P h a s e  c o n t r a s t  m ic r o sc o p y  o f  S S M P  (2 0  %  w /w )  a t  2 0  °C , xlO O  
P l a t e  6 .6  P h a s e  c o n t r a s t  m ic r o s c o p y  o f  S SM P  (2 0  %  w /w )  a t  9 0  °C , x  100  
P irate 6 .7  T E M  o f  a  2 0  %  (w /w )  S S M P  g e l , x  8 ,0 0 0  
P l a t e  6 .8  T E M  o f  a  13 %  (w /w )  S S M P  g e l , x  8 ,0 0 0  
P l a t e  6 .9  T E M  o f  a  2 0  % (w /w )  S S M P  g e l , x  2 8 ,0 0 0
P l a t e  6 .1 0  P h a s e  c o n t r a s t  m ic r o sc o p y  o f  a  m ix t u r e  o f  10 %  (w /w )  S S M P  a n d  10 %  (w /w )  
S W P  AT 2 0  °C , XlOO
P l a t e  6 .1 1  T E M  o f  a  m ix e d  g e l  o f  17 %  (w /w )  S S M P  w it h  3 %  (w /w )  SW P , x  2 ,8 0 0  
P l a t e  6 .1 2  T E M  o f  a  m ix e d  g e l  o f  17 %  (w /w )  S S M P  a n d  3 %  (w /w )  S W P , x  8 ,0 0 0  
P l a t e  6 .1 3  T E M  o f  a  m ix e d  g e l  o f  17 %  (w /w )  S S M P  a n d  3 %  (w /w )  SW P , x  2 8 ,0 0 0
XV
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Chapter 1 General Introduction
1.1 Foreword
The texture of a food product is a direct consequence of its microstructure and this in 
turn is determined by the product’s ingredients, their composition and the physical 
forces between them (Stanley and Tung, 1976; Cherry, 1980; Heertje, 1993). The 
texture of a food product can be controlled either by varying its recipe or 'chemical 
composition’, or by altering the processing conditions used to create the product. 
Both parameters affect the physical forces which maintain the structure of the product 
and can be used to manipulate the overall texture observed.
Humans and animals show consistent likes and dislikes in foods. Usually these have no 
relationship with the nutritional value of foods, but are strongly influenced by 
functional properties such as texture and flavour (Pour-El, 1980). It is therefore of 
great benefit to characterise the forces or interactions which occur between food 
ingredients and to assess the effect which their environment has on them. The 
information gathered can be used to predict how the product’s texture would be 
affected by changes in their chemical composition or alterations in their methods of 
manufacture.
The ingredients which mostly effect the texture of a product are proteins and 
polysaccharides. Of these, polysaccharides are less nutritionally significant than 
proteins, although a high proportion of the human requirement for energy is met by the 
starch in cereal grains and tubers (Coultate, 1990).
However, unlike polysaccharides, protein is essential to life. Nutritionally, human 
body proteins can be obtained only through dietary intake. This means that proteins 
can be used in food manufacture to serve as fiinctional ingredients in the end-product 
with the added bonus of enhancing nutritional status (Penny, 1992).
In this thesis the structure and functional properties of selected proteins will be 
investigated in isolation, and in combination with other proteins, in order to assess 
their effect on microstructure and texture of gels produced from these proteins. A 
review of the relevant literature on the structure and physicochemical properties of 
proteins follows.
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1.2 Protein Structure and Physicochemical Properties
Prior to a study of the interactions which occur between food proteins it is necessary 
to look briefly at the basic structure of proteins and any factors which affect it. This 
section does not attempt to be a definitive work on the structural properties of proteins 
but is an overview of the salient properties relevant to this work.
1.2.1 Amino Acids
Proteins are built from a repertoire of about twenty amino acids. An a-amino acid 
consists of an amino group, a carboxyl group, a hydrogen atom, and a distinctive R 
group which are all bonded to a carbon atom (Figure 1.1).
NH2
H - C -  COOH 
I
R
Figure 1.1 Structure of an a-amino acid
The nature of the R group dictates the characteristics of the amino acid. Large 
aliphatic side-chains like those found in leucine and isoleucine, or aromatic side chains 
such as phenylalanine and tryptophan, are hydrophobic. Conversely, R moieties 
containing hydroxyl, carboxyl and amine groups are hydrophilic, e.g. those of the 
amino acids serine, aspartic acid and lysine. A sulphur atom is present in the side- 
groups of the two amino acids cysteine (-SH) and methionine (-S-CH3). The SH 
group of cysteine is highly reactive and is capable of forming disulphide links which 
participate not only in the stabilisation of a protein’s secondary structure but also in 
interactions with other proteins which contain free cysteine groups.
^ 3" 1 ^ 2
H - Ç  — COOH ^  H - Ç  —COO H - Ç  —COO
H H H
pH < pi pH = pi pH > pi
Figure 1.2 The ionisation states of the amino acid glycine 
The overall ionisation state of an amino acid depends on the pH of its environment, i.e.
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it is a zwitterion capable of having both a positive or a negative charge. In acid 
solution the carboxyl group is un-ionised and the amino group ionised, whereas in 
alkaline solution the carboxyl group is ionised and the amino group un-ionised (Figure 
1.2). The pH at which the net charge of the amino acid is zero is known as the 
isoelectric point (pi) and depends on the nature of the R group of the amino acid. 
Therefore, pH has a profound and varied affect on the interactions of proteins since it 
affects the charge carried by the very building blocks from which proteins are made.
1.2.2 Structure
Four levels of structure are frequently cited in discussions of protein architecture (Van 
Holde, 1977) and are described below.
Primary structure : Amino acids are linked by peptide bonds to form polypeptide 
chains. Each protein has a unique amino acid sequence. The primary structure is the 
linear amino acid sequence and also the location of disulfides, if there are any. The 
primary structure is thus a description of the main covalent connections of a protein.
Secondary structure : Depending on where the amino acids are positioned in relation 
to one another the polypeptide chain will fold in various ways to produce the three 
dimensional protein structure. For example, hydrophobic amino acids will attempt to 
minimise their interactions with the aqueous environment and thus are usually found 
directed towards the centre of the folded molecule. The tendency of these amino acids 
to act in this way is referred to as ‘hydrophobic interactions’ and will be discussed 
further in Section 1.3.2.4. Some of these steric relationships are of a regular kind and 
give rise to a periodic structure. These secondary structures include the formation of 
a-helix and fi-pleated sheets (Figure 1.3). The a-helix is a rod-like structure stabilised 
by hydrogen bonds between the NH and CO groups of the main chain. 6-Pleated 
sheets are formed when a polypeptide chain abruptly reverses its direction and is 
stabilised by hydrogen bonds between the CO group of a residue on one sheet to an 
NH group of a residue on the antiparallel 6-strand. Where there is no periodic 
structure the area is said to have a ‘random coil’ conformation.
Chapter 1 General Introduction
Tertiary str'ucture : This refers to the spatial arrangement of amino acid residues that 
are far apart in the linear sequence, i.e. the way in which areas of random coil, a-helix 
and (3-pleated sheet are organised in a protein.
H
0 
H
N 'i
p
Figure 1.3 Schematic diagram of a-helix and fi-pleated sheet structure 
Quaternary structure ; Proteins containing more than one polypeptide chain exhibit an 
additional level of structural organisation and each polypeptide chain in such a protein 
is called a subunit. The quaternary structure is the spatial arrangement of such 
subunits and the nature of their contacts.
Thus, the overall shape of the protein is entirely governed by the primary amino acid 
sequence which in turn governs the secondary, tertiary and quaternary structure 
formed.
1.3 Basic Forces and Molecular Interactions
The maintenance of protein structure involves a number of fundamental forces and 
bonds which occur between amino acids. These are also involved in the interactions 
between proteins and have been reviewed by many workers including Creighton, 1993; 
Koning and Visser, 1992; van Oss, 1991; Howell, 1991; Stryer, 1988 and Whitaker, 
1977. The following section attempts to link the basic forces outlined in these reviews 
to the general field of food protein interactions. The range of bonds, forces and 
interactions involved are summarised in Figure 1.4.
1.3.1 Covalent Bonds
Covalent bonds form when atoms having electrons of similar or equal valence-orbital 
energies combine (DeKock and Gray, 1980). The covalent bond between two
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cysteines is a disulphide (S-S) bridge. Disulphide bonds are involved in the 
stabilisation of secondary structure in many proteins, e.g. 6-lactoglobulin (McKenzie, 
1967), and are often involved in the interactions between proteins.
H ©
•- N - G - '
I I
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©
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O =C
I
O'
Hs
. N -
® polypeptide chains 
may belong to the 
same protein, or to 
two different proteins
Figure 1.4 Forces and interactions which stabilise protein structure and protein interactions.
1) peptide bond; 2) hydrogen bonds; 3) dipole-dipole interactions; 4) hydrophobic interactions;
5) disulphide bonds; 6) electrostatic interactions. (Koning and Visser, 1992)
The S-S bond is relatively strong with a potential energy of about 50 kcal/mol but can 
be broken by reductants, oxidants, or agents such as thiols which catalyse disulphide 
interchange (Creighton, 1993). The covalent bond between amino acids in a 
polypeptide chain, the peptide bond, has a potential energy value double that of the S- 
S bond which ensures that it is not generally broken during protein dénaturation and 
thus maintains the primary structure of the protein.
1.3.2 Non-Covalent Interactions
1.3.2.1 Electrostatic forces
Electrostatic forces are present between charged particles. Depending on the sign of 
the charges the electrostatic or Coulombic force can either be attractive, for oppositely 
charged entities, or repulsive, for similarly charged entities.
The potential {P) depends on the charges (q;) of the atoms, their distance (r), and the 
dielectric constant (e )  of the medium in between the charges, in the following way:
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P = Y. (Equation 1.1)
e r
The interaction energy due to Coulombic forces is typically of the order 20 kcal/mol.
Electrostatic forces cause ion-pair interactions between positively charged and 
negatively charged ions or ionised groups. There are two main types of ion-pair 
interactions seen in food systems.
Between proteins ; Since protein molecules are amphoteric they may carry a net 
positive or a net negative charge depending on their pi and the pH of their environment 
(Section 1.2.1). This causes electrostatic interactions between the two ionised 
particles. Electrostatic forces are believed to play a crucial role in globular protein 
gelation (Koning and Visser, 1992; Howell e/a/., 1991).
Between metal ions and proteins : The binding of metal ions to specific protein sites 
can be considered as another type of ion-pair interaction. The factors which affect ion- 
pair interactions are those which alter the parameters given in Equation (1). This 
therefore includes factors which will alter the charges (qi) on the amino acids, (such as 
pH, reducing and oxidising agents), and factors which affect the dielectric constant (e ) 
of the medium.
One way of expressing the polarity of a solvent is by its dielectric constant (Carey, 
1987). The dielectric constant is a measure of the ability of a material to disperse the 
force of attraction between oppositely charged particles. Polar solvents such as water 
have high dielectric constants and a pronounced ability to stabilise charge-separated 
systems. Salts affect electrostatic forces both because their solutions are more polar 
than water and therefore have an even greater charge stabilisation effect, and also by 
directly interacting with ionisable groups.
1.3.2.2 Van der Waals forces
There are two principle van der Waals forces. Attractive forces exist between
entities, such as atoms and molecules, when electrons in the occupied orbitals of
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the interacting species synchronise their motion to avoid each other as much as 
possible. For example, electrons in orbitals of atoms belonging to interacting 
molecules can synchronise their motion to produce an instantaneous dipole-induced 
dipole attraction (Figure 1.5).
F = -
m l
" — (Z Z D  -^ G Z Z D
Figure 1.5 Schematic illustration of the instantaneous dipole-induced dipole interaction that gives rise 
to a weak attraction. For the brief instant that this figure describes there is an attractive force (F) 
between the instantaneous dipole and the induced dipole. The effect is reciprocal; each atom induces 
a polarisation in the other (DeKock and Gray, 1980)
The second van der Waals force is the repulsion which occurs when the atoms come 
too close together and their electron clouds start to interpenetrate. This is the so- 
called Bom repulsion and ensures that the two different molecules cannot occupy the 
same space (DeKock and Gray, 1980).
The potential energy for the overall interactive force between atoms is therefore 
proportional to the distance between them. For an atom pair at a distance of 5 À the 
van der Waals energy is not as strong or as far reaching as the potential energy of 
electrostatic forces and typically only amounts to a few kcal/mol.
Dipole-dipole interactions occur between molecules due to van der Waals forces. 
Since the amide bond in proteins has a relatively large dipole moment, it is expected 
that the backbone of a protein is largely stabilised by dipolar interactions with the 
amide bonds. Although they are weak interactions, due to the low energy of the van 
der Waals forces, they are extensive and so impart a valuable contribution to the 
stabilisation of general protein structure and protein-protein interactions (DeKock and 
Gray, 1980).
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13.2.3 Hydrogen bonds
Hydrogen bond formation is often considered as a polar interaction and, at its simplest, 
can be thought of as the sharing of a hydrogen atom between an acidic (proton donor) 
group, e.g. -OH or -NH, and a basic (proton acceptor) group, e.g. ^  C=0. The 
position of such reactive groups in the secondary structure of the protein influences the 
interaction between them. This is because water is a dipole and can also form 
hydrogen bonds. Water is therefore known to compete for the reactive groups of the 
protein and reduce the interaction between them.
Since pH affects the acid and base characteristic of the amino acid moieties, (Section 
1.2.1), it will also influence any interaction between them. The relative position of the 
groups also affects their interaction because hydrogen bonds with linear geometry are 
stronger than bent hydrogen bonds. The potential energy for the formation of 
hydrogen bonds is therefore quoted as a range, 1-6 kcal/mol, in order to account for 
these factors. Since hydrogen bond formation in the interior of proteins can induce 
more significant enthalpy and entropy changes when compared with those formed in an 
aqueous medium, these bonds play an important role in the stabilisation of proteins in 
the form of both p-sheets and a-helices (Koning and Visser, 1992).
1.3.2.4 Hydrophobic interaction
The amino acids tryptophan, phenylalanine, leucine and isoleucine have hydrophobic 
side groups (Section 1.2.1). The interaction of polar water molecules with these non­
polar groups is less favourable than with polar groups, so water molecules tend to 
detach themselves from non-polar sites and associate together. Formation of hydrogen 
bonds in the bulk water can accompany this change and lead to a restructuring of water 
in the vicinity of such a hydrophobic site. In addition, this non-polar site will interact 
favourably with another non-polar site (Figure 1.6) predominately through van der 
Waals attraction, since electrostatic and dipolar forces between non-polar sites are 
small. The magnitude of the hydrophobic interactions between proteins can be 
estimated by measuring the hydrophobicity of the proteins. This can be done in a 
number of ways, both theoretically by studying the amino acid sequence of a protein.
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and experimentally using chromatography or fluorescent probes such as c/5-parinaric 
acid (Kato and Nakai, 1980).
OOOOO
Figure 1.6 A schematic diagram of hydrophobic interactions (Koning and Visser, 1992)
An increasing temperature favours hydrophobic interaction until very high 
temperatures are reached when these interactions are disrupted due to the increasing 
kinetic energy of the system.
#
1.3.2.5 Steric repulsion forces
Steric repulsions occur when proteins are within atomic distances of each other 
(Koning and Visser, 1992). Two factors contribute to steric repulsion;
(i) Because of osmotic effects, the solvent tends to penetrate between the proteins 
in order to reduce the concentration of protein in the area. As a 
consequence the particles are driven apart.
(ii) The volume restriction caused by the loss of possible conformation in the 
restricted space between two surfaces.
1.3.2.6 Kinetic energy
Finally Koning and Visser (1992) pointed out, in their review of the forces involved in 
the interactions between proteins, that it is necessary to set these forces against the 
kinetic energy of a molecule. This kinetic energy is driven by the thermal motion of 
the atoms and it is this thermal energy which allows the molecule to undergo 
conformational changes, particularly on heating. The effects of this are discussed in 
the following section.
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1.4 Protein Dénaturation
Protein structure is stabilised by a variety of bonds, forces and interactions (Figure 1 4, 
Section 1.3). A wide range of factors can affect these interactions and will therefore 
affect the overall conformation of the protein. Many of these chemical and physical 
factors have been discussed within Section 1.3 and are summarised in Table 1.1.
Table  1.1 Factors which cause protein dénaturation
Factors which can cause 
protein dénaturation
Bonds, forces or 
interactions they affect
Chemical factors
Thiol reagents Disulphide bonds
Oxidising and reducing agents Electrostatic forces, disulphide bonds
pH Electrostatic forces, hydrogen bonds
SDS Electrostatic forces, hydrophobic interactions
Urea Non-covalent forces
Salts Electrostatic forces
Enzymes Each enzyme affects a different specific site
Physical factors
Temperature All forces except disulphide bonds and hydrophobic 
interactions (until very high temperatures)
Shear Depending on shear stress applied, can affect all forces, 
bonds and interactions
Pressure All forces
1.4.1 Definition
Protein dénaturation can be defined as “an alteration in the original native structure 
without hydrolysis of primary covalent bonds, i.e. changes which are restricted to 
those occurring in the secondary or higher structure” (Mulvihill and Donovan, 1987). 
Proteins are dynamic and able to achieve the most energetically favourable 
conformation. The various conformations which proteins can adopt depend on the 
forces maintaining and stabilising the native conformation. Thus, various degrees of 
dénaturation can be achieved depending on:
(i) the amino acid sequence of the protein, and hence its stabilising forces;
(ii) the concentration of the protein, the pH and ionic environment; and
(iii)the processing conditions to which it is exposed.
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Dénaturation occurs most readily at a protein’s isoelectric point, when it is least stable. 
Salts tend to favour protein aggregation and therefore decrease the susceptibility of a 
protein to dénaturation. This J s  thought to be due to the masking of net charge 
repulsions between the proteins which induces them to aggregate (Wagner et a l, 
1992). Salts can also directly form cross-links between proteins as in the case in 
general for salts with whey proteins (Mulvihill and Kinsella, 1988).
1.4.2 The Theory of Dénaturation
During dénaturation the protein unfolds, subunits may dissociate, and the conformation 
of the protein changes. When proteins are denatured their properties are completely 
altered owing to the exposure of the functional groups of amino acids previously 
embedded inside the native structure. The exposed groups tend to be largely 
hydrophobic residues since these align themselves towards the centre to minimise their 
interactions with water. As a result, the solubility of a protein is decreased by 
dénaturation as these hydrophobic residues are exposed. The new binding sites which 
were previously buried in the native protein, along with those which were interactive 
within the native molecule, are now free to interact with sites on other, similarly 
denatured protein molecules. This results in intermolecular association. Thus, those 
forces involved in stabilising the native molecules are also involved in the secondary 
interactions which may take place after dénaturation.
The nature of these interactions depends on the processing conditions, the structure 
and concentration of the proteins, and on their environment. For example, if a solution 
of B-lactoglobulin of a high enough concentration (>5% w/w) is heated sufficiently 
(>88 °C), at a pH around 6.5, it will denature and the unfolding protein strands will 
interact to form a gel, the structure of which is maintained primarily by electrostatic 
interactions and disulphide bonds (Matsudomi et a l, 1991). On the other hand, partial 
dénaturation of this protein by shearing at room temperature and at a similar pH will 
induce a host of alternative interactions and cause foam formation, albeit very unstable 
foams in the case of this protein (Phillips et ai, 1989).
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These secondary associations can be controlled to produce various phenomena such as 
foaming, gelation and émulsification as discussed in the following section.
1.5 Functional Properties of Food Proteins
The food industry routinely exploits the variety of textural functional properties 
produced when a protein is exposed to different processing conditions.
T a b l e  1.2 F o o d  s y s t e m s  a n d  th e ir  t e x t u r a l  f u n c t io n a l  pr o p e r t ie s
Functional
properties
Industrial
significance
Typical methods 
of production
* Solubility and 
viscosity
Fluid foods, sauces, 
process design, pumping
Protein hydration
♦Foaming Sponge cakes, whipped toppings Whisking, air incorporation
♦Emulsification Fabricated meat products, 
margarine, salad dressings
Vigorous stirring/ high pressure 
homogenisation with emulsifier
♦Gelation Jelly, pet food products 
meat industry
Heat, pressure
Textural characteristics (Table 1.2) are part of a broader group of functional properties 
including flavour, odour and colour which along with nutritional considerations, affect 
the utilisation of potential food ingredients (Pour-El, 1980).
1.5.1 Solubility and Viscosity
Solubility and viscosity describe the basic physicochemical nature and functional 
behaviour of protein in aqueous solutions (Cherry, 1980). Solubility characteristics, 
under various conditions, provide a good index of the potential applications of 
proteins. The level of solubility of a protein is perhaps the most practical index of the 
extent of ‘dénaturation’ and is very dependent on prior treatment of the protein, 
extraction methods, ionic environment, and the pH of the solvent (Betschart, 1974). 
On hydration many proteins absorb water and usually swell, thereby causing changes in 
their hydrodynamic properties that are related to thickening and concurrent increases in 
viscosity (Kinsella, 1976). The major forces which cause this increased stability are
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those which exist between the protein molecules and water, and a certain amount of 
protein-protein interaction is likely. Knowledge of the flow properties and viscosity of 
protein dispersions are not only important in relation to the palatability of a product 
but also for the process design (pumping, feed rate, spray drying, heat exchange).
1.5.2 Emulsification
Emulsions are dispersed systems which contain at least two distinct phases. A liquid 
continuous phase surrounds the dispersed phase of a second hquid which is immiscible 
with the first (Hailing, 1981). The creation of a food emulsion therefore involves 
disrupting the dispersed phase into droplets of colloidal size, and protecting the newly 
formed droplet interface fi'om immediate coalescence (Dickenson and Stainsby, 1988). 
An emulsifier, therefore, has firstly to facilitate the production of a new interface by 
lowering the interfacial free energy, and secondly, to provide short-term stability by 
forming a protective adsorbed layer at the oil-water interface. Thé total interfacial area 
between the phases becomes very large and thus the characteristics of this interface 
have important effects on the whole system. The inherent properties of proteins such 
as their molecular conformation, dénaturation, aggregation, pH solubility, and 
susceptibility to divalent cations affect their performance in model and commercial 
emulsion systems (Cherry, 1980). Emulsion capacity profiles of proteins closely 
resemble protein solubility curves and thus factors that influence solubility properties, 
or treatments used to modify protein character, also influence emulsifying properties
1.5.3 Foaming
A foam may be considered to be similar to an emulsion in that it contains two phases. 
Here, however, it is a gas, (rather than an immiscible liquid, as seen in an emulsion), 
which forms a colloidal dispersion in a liquid- or solid-like structure (Lillford and 
Judge, 1989). Proteins tend to accumulate at the air-water interface as they do at the 
oil-water interface of an emulsion The capacity to form stable foams in air is an 
important functionality of proteins in many products (Kinsella, 1976). The most 
important properties of a foam are foam expansion and stability, i.e. the maximum
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volume increase of a protein dispersion following the incorporation of air by whipping, 
and the ability of the formed foam to retain this volume over time. Ideal foaming 
proteins have the ability to form extended membranes around the air droplets, and 
undergo a certain, perhaps critical, degree of spontaneous dénaturation which stabilises 
the foam and forms its structural framework. Thus, the formation of a foam is believed 
to involve a certain amount of protein dénaturation which accentuates protein-protein 
interaction and enhances cohesive forces between the proteins in the film capsule. 
However, complete dénaturation is undesirable, because it results in membrane fragility 
and foam collapse (Kinsella, 1976).
1.5.4 Gelation
The ability of gels to act as a matrix for holding water, lipids, sugars, flavours and 
other ingredients is useful in food applications and in new product development. 
(Kinsella, 1976). Gelation is the most important functional property of the protein 
systems studied in the present work and is therefore discussed in more detail than those 
functional properties already mentioned.
1.5.4.1 Definition
Through the years there have been several attempts to define a gel. It is not an easy 
task and no one has been able to come up with a definition that holds generally. One 
reason may be that the diverse gels that are formed all have different structures and are 
studied by scientists with different backgrounds, e.g. chemists, physicists, engineers, 
biologists and medical researchers. For example, Ziegler and Foegeding (1990) 
pointed out that gels may be defined by their ability to immobilise a liquid, their 
macromolecular structure, or their textural or rheological properties.
A protein gel is generally described as being composed of three-dimensional matrices 
or networks of intertwined, partially associated, polypeptides, in which water is 
entrapped (Kinsella, 1976). Gels are dififerentiated from other structured network 
systems, in which small proportions of solid are dispersed in a relatively large 
proportion of liquid, by the property of mechanical rigidity or the ability to support
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shearing at rest (Ferry, 1948). They have a remarkable ability to behave like a solid 
while still retaining many properties characteristic of the fluid component (Mulvihill 
and Kinsella, 1987). This behaviour forms the basis for the phenomenological 
definition which was proposed by Burchard and Ross-Murphy in 1988 stating that: 
‘. ..gels all possess at least one property that can stand as the operational definition of a 
gel; they possess a plateau in the real part of the complex modulus extending over an 
appreciable window of frequencies - i.e. they are, or can be coaxed under appropriate 
conditions to be, viscoelastic solids.’
hS.4.2 The mechanism o f gelation
In order to create a gel, a protein has to be denatured in some way, for example, by 
heat treatment, by changes in pH or by the action of enzymes (Table 1.1, Section 1.4). 
This dénaturation makes new interactions possible and, if protein-protein and protein- 
solvent interactions lead to the formation of a three-dimensional network capable of 
entraining solvent molecules, a gel is likely to form. The ability of denatured proteins 
to associate and form gels depends on their properties and the environmental 
conditions to which they are exposed. The presence of different amino acids in the 
polypeptide chain with differently charged, hydrophobic or hydrophilic side groups has 
dramatic effects on the gelling behaviour of a protein (Murphy and Howell, 1990; 
Paulsson and Dejmek, 1990). For example, the A and B isoforms of p-lactoglobulin 
differ only by one or two amino acids, but their gelling behaviours differ significantly 
(Huang et a l,  1994). The concentration of molecules is also an important factor and 
there is a well defined critical concentration (Co) below which no continuous network 
is formed. When the protein concentration is increased above this critical level the 
gelling time is reduced and the gel strength is increased (Mulvihill and Kinsella, 1987). 
The critical concentration above which gelation occurs is dependent on environmental 
factors such as pH, salt concentration and heating rate because the forces and bonds 
which stabilise gel networks are dependent on these factors.
The widely used gelation mechanism proposed by Ferry (1948), consisting of two 
steps, is summarised in Figure 1.7.
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Step 1 Step 2
xPf4 ^ ------ r.. r -    xP d ^ -----------  (Pd) x
native protein denatured protein network formed
Figure 1.7 The mechanism of gelation (Ferry, 1948)
Step 1, the dénaturation step, is usually induced by heat and is reversible. Step 2, 
indicating the network formation, may also be induced by heat and/or cooling. This 
step was thought to be irreversible, but a reversible gel state has been postulated in 
some cases, e.g. for whey protein gels (Rector et a l, 1989). The mechanisms of 
gelation for fibrous and globular proteins differ.
Fibrous proteins ; Most food gels are composed of networks of fibrous molecules 
such as polysaccharides, collagen, myosin and actomyosin (Harris, 1990). Owing to 
their extended native structure, extensive dénaturation is not always necessary for gel 
formation of fibrous proteins. Myosin, for example, once extracted often gels at room 
temperature as a result of the relatively mild treatments used in its isolation.
Globular proteins : Globular proteins are also capable of gelation but must first be 
heated above the dénaturation temperature of the protein (Howell and Lawrie, 1984; 
Wang and Damodaran, 1991). This exposes functional groups which, under
appropriate conditions, interact with each other to form a three-dimensional gel 
network. The structure of the network formed depends on the nature of the protein 
and on its environment.
1.5.4.3 Gel structure
It is recognised that the structure of the gel network greatly influences the texture of 
the gel (Stading and Hermansson, 1991). Furakawa and co-workers (1979) studied 
soya protein gels as a model for the study of texture-structure relationships in gel-like 
foods and showed that the textural properties were governed by the degree of network 
formation.
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Structure as affected by protein composition : All gels formed differ structurally as 
was noted by Flory in 1974 who classified gels into four types on the basis of their 
structural criteria;
Type 1 - Well ordered, lamellar structures, including gel mesophases.
Type 2 - Covalent polymeric networks; completely disordered.
Type 3 - Polymer networks formed through physical aggregation; these are
predominantly disordered but have local regions of order.
Type 4 - Particulate disordered structures.
According to Flory (1974), gelatin gels would be of Type 3, while gels formed via 
aggregation of globular proteins would typically be Type 4. This variety of structure is 
the result of several factors. Most notably the native conformation of the protein 
significantly affects the type of gel structure formed. The differences between gels of 
globular and fibrous proteins are covered by Flory’s classification but more subtle 
conformational differences within these two groups are also important. Tombs, 
(1974), presented two models for globular protein gels of denatured proteins; random 
aggregation (Figure 1.8a), or a ‘string of beads’ structure (Figure 1.8b).
Random aggregates have been observed in heat-set gels of B-lactoglobulin, 
(Hermansson, 1988), and a ‘string of beads’ structure has been detected in heat-set 
gels of soya bean glycinin (Nakamura et a l, 1985; Hermansson, 1985; Mori et al, 
1986a). It must be stressed, however, that within the ‘string of beads’ structure the 
fibres of the network may themselves be formed from protein aggregates.
Structural differences due to environmental factors : Some proteins {e.g. myosin and 
B-lactoglobulin) can form either type of gel (random aggregate or ‘string of beads’) 
depending on the pH and ionic strength (Doi, 1993). This phenomenon was noticed in 
whey protein gels by de Wit (1981) who stated that the effects of pH and calcium on 
the structural appearance of this system were interrelated and governed by changes in 
the globular conformation of the protein. Since proteins undergo structural changes 
during gelation, the extent of dénaturation and exposure of functional groups may 
affect the extent of gel formation. This state of conformation of protein molecules in 
gels may have a bearing on the ultimate physical characteristics of protein gels (Wang
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and Damodaran, 1991; Murphy and Howell, 1990).
(a)
heat
(b)
######
• • •
heat
Figure 1.8 The two types of networks formed by the aggregation of globular proteins: a) random 
aggregation of molecules; b) aggregation of ‘string of beads’ polymers (Doi, 1993)
1.5.4. 4 Gelation as a rheological phenomenon
Elementary rheology ; Gelation transforms a system physically from a viscous sol or 
liquid into a viscoelastic solid. Rheology is the study of flow and deformation of a 
material (Barnes et a i,  1989; Ferguson and Kemblowski, 1991; Blair, 1969). In order 
to deform a material, or make it flow, a force must be applied which should change 
only the shape and not the volume of the sample (Figure 1.9).
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f
Figure 1.9 Simple shear deformation of a cubic block of material. The force/acting tangential to
areav4 produces an angular deformation 0
Rheology is concerned with the relationship between the force per unit area acting 
upon and within the material {shear stress, r), and the amount of deformation induced 
by this stress {shear strain, y). The shear stress is given by:
I  = / /  A (Equation 1.2)
and the resulting shear strain is given by:
Y = tan 0 (Equation 1.3)
The two are related by a factor, n :
I  = « y (Equation 1.4)
which for solids is known as the shear modulus (G) and for liquids the viscosity (rj). 
For ideal Hookean solids the response to applied stress would be instantaneous and 
show no further flow (Figure 1.10). Alternatively, an ideal Newtonian fluid would 
show no instantaneous response but a continuous flow in response to the stress (Figure 
1. 11).
J(t)
J(t)
time time
Figure 1.10 Creep curve for a Hookean solid Figure 1.11 Creep curve for an Newtonian liquid
Several models have been presented for the various viscoelastic states between these 
two extremes (Figure 1.12). These are based on two basic architectural-type models. 
The behaviour of an ideal solid can be said to be analogous to that of a massless
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Spring, whose extension (AL) and ; length I  (L) are related to the applied load (W):
W = ntsL/L (Equation 1.5)
This is completely analogous to Equation 1.4.
In a similar way, the behaviour of a Newtonian fluid may be modelled by a dashpot, 
whose rate of extension is proportional to the applied load. It is then necessary to 
make the assumption that the behaviour of those materials which have properties 
intermediate between liquid and solid may be represented by models built up entirely 
by combining these two structural elements in various ways.
y
time
W
Y
time
y
time
W
?
a. Kelvin body b. Maxwell body c. Burgers body
Figure 1.12 Creep curves and the corresponding architectural models
The behaviour of a Kelvin body can be modelled as a spring and a dashpot in parallel 
(Figure 1.12a). Therefore, the total deformation of the material is limited by the 
rigidity of the spring but the rate of attainment of this deformation is controlled by the 
damping of the dashpot. This is a model of a ‘solid’-type material and to bring this 
closer in line with the behaviour of softer, hydrocolloid gel-type structures, two or 
more Kelvin bodies may be placed in tandem. The strain will still be limited by the 
rigidities but the attainment of the limit is no longer a simple exponential, but is defined
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by the sum of as many exponential terms as there are Kelvin bodies in tandem.
A Maxwell body (Figure 1.12b) is modelled as a spring and dashpot in tandem, so both 
take the load. The material, therefore, deforms instantaneously on the application of 
the stress, by an amount determined by the rigidity of the spring, and then continues to 
creep at a constant rate due to the more gradual response of the dashpot.
Seldom do complex food hydrocolloid gel structures behave as either of the simple 
binary models of Kelvin and Maxwell. A more accurate model can be made by 
combining several of these binary models in parallel and/or tandem. It has already been 
mentioned how, by placing the Kelvin bodies in tandem, it is possible to approach the 
behaviour of a softer, gel-type structure. The only complex model to have been given 
a specific name is the Burgers body. This consists of a Kelvin body in tandem with a 
Maxwell body (Figure 1.12c) and the characteristic behaviour of this type of material is 
to show an instantaneous strain, followed by an exponentially decreasing creep, not 
decreasing to zero but to a constant linear rate of creep.
Dynamic rheology ; Among other parameters, the formation of gels can be followed 
using dynamic rheological techniques (Mitchell, 1980). If an oscillatory stress is 
applied to a sample, usually in a sinusoidal fashion, the resultant strain can be measured 
(Figure 1.13). For a Hookean solid the stress and strain waves would be in-phase 
(6=0). In contrast, for a purely viscous liquid the stress would be exactly 90° out-of­
phase with the strain (6=90°). For viscoelastic gels the behaviour lies somewhere in 
between. The ratio of shear stress to shear strain can be written as the sum of two 
components, one in-phase with the strain and the other 90° out-of-phase.
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phase lag (6)
stress/
strain
stress
strain
Figure 1.13 Stress /strain signals from an oscillatory rheometer 
A complex number coordinate system is often used for mathematical clarity and easy 
manipulation. The y  axis is the imaginary axis and the real part of the number is 
represented on the x axis (Figure 1.14).
G*
G”
G’
Figure 1.14 The relationship between the loss modulus (G” ), storage modulus (G’) and complex
modulus (G*)
The real term (G’) is in-phase and is a measure of the elastic energy stored, and the 
imaginary term (G” ) is the out-of-phase component which is a measure of the energy 
dissipated due to viscous behaviour;
G* = (To / Yo) [cos Ô + / sin Ô ] = G’ + /G”  (Equation 1.6)
where / is the imaginary number (-1)^ ^^ . The ratio of G’VG’ is called the loss tangent 
and is equal to the tangent of the loss angle (5) :
tan Ô = G’VG’ (Equation 1.7)
Sinusoidal deformation of a gel in this manner would lead to more energy stored than 
dissipated (i.e. G’ > G” ). This would be true across a range of frequencies of 
oscillation. Since the G’ is a measure of the elastic energy stored and recovered per 
cycle of a sinusoidal deformation it can be correlated to the number of intermolecular 
cross-links in a network (Phillips et al, 1994).
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Large deformation analysis ; Up to this point the properties of gels have only been 
discussed in terms of non-destructive techniques. This approach is usefiil for the 
discussion of the mechanical properties of a gel and to relate these to its structure. 
However, non-destructive techniques can only be loosely related to sensory attributes 
of food products since mastication is itself a destructive action (Prentice, 1984). It is 
therefore usefiil to discuss the fracture properties of gels which are studied using 
techniques such as compression testing (Section 2.10.1.1). The properties of
interest are the shear modulus of the gel, as given by the initial slope of the stress-strain 
graph, the force at fracture, Fc (‘break strength’) and deformation at fracture. Ah 
(‘cohesiveness’).
Whilst the crude data terms are often quoted it is possible, using the assumption of 
incompressibility (McEvoy et a l, 1985), to calculate the fracture shear strain (yf ) and 
fracture shear stress (Xf):
7f= 1.5 { - In [1- (Ah/h)]} (Equation 1.8)
Xf = 0.5 Fc / [tiR^ / (I-Ah/h)] (Equation 1.9)
where h is the un-deformed height of the gel cylinder and R is the initial cylinder 
radius. For these equations it is also assumed that the deformed shape is still that of a 
cylinder not a barrel or hourglass shape.
Despite the limits of these assumptions, compression testing is easy to perform and if 
care is taken valid basic information can be obtained which can be directly related to 
sensory perception of the food (Hanman, 1991). Fracture shear stress, or force at 
fracture, can be correlated with sensory hardness and fracture shear strain, or 
deformation at fracture, with sensory cohesiveness.
1.5.4.5 The relationship between rheological behaviour and structure of gels
The two main types of gel structure, random aggregate and ‘string of beads’, were 
introduced in Section 1.5.4.3. The differences in microstructural aspects of the gels 
are also reflected in their rheological properties, both in small and in large 
deformations.
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The fine-stranded, transparent, ‘string of beads’-type gels generally exhibit a large true 
stress and large deformation at fracture (Stading and Hermansson, 1991; Clark and 
-Ross-Murphy, 1987). For random aggregate gels these parameters are lower. Fine- 
stranded gels also have a higher capacity to respond to a force applied and are 
therefore more elastic. When small deformations are considered, the random 
aggregate gels have a higher storage modulus when compared with fine-stranded gels. 
For the latter type, however, the strain dependence is less. This is due to the fact that 
the magnitude of the storage modulus is determined by the number of cross-links in the 
gel network, regardless of their distribution (Koning and Visser, 1992).
The water-holding properties of a gel are also related to its microstructure. In general, 
the more open the structure the lower the water-holding capacity (Hermansson, 1994). 
Therefore, coarsely aggregated gels tend to have a lower water-holding capacity than 
those that are fine-stranded.
1.6 Protein-Protein Interactions in Food Systems
So far we have only considered single protein systems. In order to achieve a certain 
desired fimctional property it may be necessary to mix two or more proteins as well as 
a wealth of other ingredients, some of which may gel individually and some of which 
may not (Ziegler and Foegeding, 1990; Howell, 1991). One major objective of protein 
functionality research, as it relates to foods, is to understand how proteins interact with 
each other and with other components in mixed systems, and to show that the effects 
of mixing different proteins are not simply additive (Schoen, 1977; Howell and Lawrie,
1984).
1.6.1 The Structure of Mixed Gels
There are a variety of ways in which proteins can interact which will affect the 
properties of a multi-component gel (Figure 1.15). Composite or multi-component 
gels are produced from mixtures of two or more gelling agents, or a single gelling 
agent and non-gelling components. A second protein capable of gel formation may act 
as a non-gelling component if it is present in the mixture at a concentration below its
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critical concentration for gel formation.
Filled gels are obtained when additional components are interspersed throughout the 
primary gel network. Two types of filled gels can be distinguished, depending on the 
phase state of the system; single-phase gels, where the filler remains soluble (Figure 
1.15a), and two-phase gels, where thermodynamic incompatibility causes phase 
separation to occur, with the gel filler existing as dispersed particles of liquid or as a 
secondary gel network (Figure 1.15c). Tolstoguzov (1986) has labelled these type I 
and type II filled gels, respectively.
Single phase 'filler ’ Association
Phase separation Copolymerisation
Interpenetrating polymer 
network
Figure 1.15 Types of mixed gels (Ziegler and Foegeding, 1990)
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‘Complex’ gels are formed when interaction among the components leads to their 
physical association. A ‘non-gelling’ component may associate randomly with the 
-primary network wa non-specific interactions (Figure 1.15b). Such interactions may 
add to the rigidity of the gel by reducing the flexibility of the primary network chains. 
Alternatively, two or more proteins may co-polymerise to form a single, heterogeneous 
network (Figure 1.15d). Bovine serum albumin (BSA) - ovalbumin and blood plasma - 
egg albumen gels are both of this latter type (Clark et al., 1982; Howell and Lawrie,
1985).
A unique type of multi-component gel is the interpenetrating polymer network (IPN). 
In an IPN both networks are continuous throughout the sample (Figure 1.15e). Even 
where the two components show some degree of incompatibility and partial phase 
separation occurs, the two components may remain intimately mixed, the dimensions 
of the phase domains being in the order of angstroms (Manson and Sperling, 1979). 
The network formed first usually appears to exhibit the greater degree of continuity 
and is the principle load bearer determining to the greatest extent the mechanical 
properties of the gel, even if it may be the minor component by weight.
1.6.2 Factors Affecting the Structure of Mixed Gels
The type of structure which is formed when a mixed gel is produced is dependent on a 
number of factors including the potential for interaction between the proteins, their 
respective mechanisms of gelation and their thermodynamic compatibility. The 
potential for protein interaction is often dependant on the degree of unfolding of the 
protein prior to interaction which is in turn dependant on the temperature and the 
presence of salts etc. (Section 1.4).
Many of the factors which affect the structure of mixed gels are shared with those 
which affect the interactions between polymers in general. On mixing two polymers in 
one solvent the phase behaviour of the system is initially dependant on the Gibb’s free 
energy of mixing as given by the Flory-Huggins expression;
Chapter 1 General Introduction_________   28
AG/RT =  111 ln(l)i +  H2 In (j)2 +  ng In (|)s (Equation 1.10)
+ (Xi2<t>i<t>2 + Xis<|)i<t>s +  X2s<t)2(t)s)(mini + ni2n2 +  mgns)
where n; = the number of moles of component i,
(|)i = volume fraction of i,
Xij= the Flory interaction parameter, and
mi = the ratio of the molar volume of i to that of a reference component. 
Subscripts 1 and 2 denote the polymers and s the solvent.
Generally the molar volume of the solvent is chosen as the reference making ms equal 
to unity and:
mi = Vi/vs (Equation 1.11)
ni2 =  Vg/vs (Equation 1.12)
The Flory interaction parameters %ÿ are a measure of the affinity of the polymers for 
the solvent (xis and Xzs) and of the polymers for each other (xiz)- Contributions to Xis 
arise mainly from the heat of mixing and the entropy of mixing due to specific 
interactions between neighbouring components, such as hydrogen bond formation 
leading to the structuring of water in the vicinity of protein molecules. As Xis increases 
the solvent becomes a poorer one, with a value of 0.5 being that of the boundary above 
which solvents are described as poor and below which they are said to be good.
Generally, according to Flory, two polymers are only compatible with each other if 
their free energy of interaction is favourable, i.e. negative. Since the number of 
molecules in a polymer mixture is small, the entropy of mixing is likely to be small and 
therefore only a minute positive energy of interaction would be required to counteract 
the negative entropy of mixing and cause limited miscibility (Flory, 1953). Since the 
mixing of two polymers tends to be endothermie, incompatibility of chemically 
dissimilar polymers is the rule and compatibility the exception.
Hsu and Pausnitz (1974) produced theoretical phase diagrams for ternary systems with 
two polymers and one solvent. They concentrated on differences in polymer molecular 
weight, differences in affinities of the two polymers for the solvent (xis and %2s) and on 
variation in the compatibilities between the two polymers (Xn). This finding showed 
that if the polymers have equally high affinities for the solvent {i.e. Xis and Xzs <0.5)
then the phase separation will be due to the polymer-polymer interaction (xn) alone
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(Flory, 1953). In this case the molecular weights of the polymers may affect the 
compatibility of the system. In general the compatibility decreases as molecular weight 
increases. For two polymers of dissimilar molecular weight, the smaller polymer 
enhances the solubility of the larger polymer.
More often the polymers have different affinities for the solvent (xis ^  %2s). In this 
case compatibility is lowest when the higher molecular weight polymer has the lowest 
affinity for the solvent. Compatibility decreases as the difference between the affinity 
of the polymers for the solvent (xis and X2s) increases. This is called the Ax effect, 
where Ax = Xis - Xzs and is most severe in poor solvents (xis and/or Xzs >0.5). For 
fixed Xis/X2s ratios the compatibility decreases as Xis or X2s increases {i.e. in poorer 
solvents).
For polymer mixtures if the Ax is high it may cause one polymer to precipitate out of 
solution. Thermodynamic compatibility can be improved by changing the solvent in 
order to decrease the Ax This may be achieved by varying the pH, ionic strength or 
temperature.
The distribution of the solvent between the two phases was also considered and it was 
found that the solvent tended to associate preferentially with the phase with lowest Xis
1.6.3 The Rheology of Mixed Food Gels
When studying food systems the likelihood is that there will be several components 
which will interact as described in Sections 1.6.1 and 1.6.2. The effect that this will 
have on the rheological behaviour of the overall system is dependent on the type of 
network formed. The fact that association of ingredients may stiffen the gel produced 
has already been mentioned. The effects of co-polymerisation would depend on the 
nature of the resultant protein chains and the cross-linking mechanisms involved. For 
example, interspecies links may be stronger or weaker than intraspecies junctions and 
the chains comprising the network may vary in their flexibility.
In polymers incompatibility is more frequently observed than compatibility and a 
simple model has been produced which can be used to predict the behaviour of phase
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separated polymer blends. The Takayanagi model is used to predict the upper and 
lower bounds of the shear modulus (G) of a heterogeneous composite gel containing 
well-defined phase boundaries: The two phases X and Y will have shear moduli 
and Gy. The upper for the shear modulus of the composite gel (G J is given by:
Gc = ())xGx + <t>yGy (Equation 1.13)
and the lower bound:
1/Gc = (})x/Gx + <j)y/Gy (Equation 1.14)
This requires the value of Gc to lie between Gx and Gy.
The Tayanagani model assumes pure, mutually insoluble components whose 
rheological properties are independent of the amount of polymer present. For proteins 
this in not generally the case and the rheological properties of protein gels are 
dependant on protein concentration (Section 1.5.4.2). The way the solvent is 
partitioned between the phases will therefore have an impact on the mechanical 
properties of the system. This partition of the solvent is dependant on the relative 
affinity of the solvent for the two polymers (Section 1.6.2) and can be described as:
a  =pxl{px+y) (Equation 1.15)
where a  is the fraction of solvent associated with the x  phase and p  is an empirical way 
of describing the distribution of solvent between the polymer phases.
Assuming Equation 1.10 to be valid Clark et al., (1983) derived the following 
relationships:
= 100(px +>»)/[ 100/7 + (1 - p)y] (Equation 1.16)
Cy^  = 100(/7X+>')/[ 100/7 + (1 -/7)x] (Equation 1.17)
())x = x[ 100/7 + (1 - p)yy\OQ{px +^) (Equation 1.18)
and
^ yUOOp + (1 - p)x]l\00ipx +y) (Equation 1.19)
which describe the effective concentration of the polymers jc and y  in the two phases of 
the separated system and also the volume occupied by each phase.
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To summarise the following proposals for protein-protein interactions can be made 
based on the models and theories described in this Chapter:
(i) The compatibility of proteins is primarily dependant on:
a) the chemical composition of the proteins;
b) the environment i.e. pH, salts;
c) the molecular weight of the proteins; and
d) the affinity of each protein for the solvent.
(ii) The rheological behaviour of the mixed protein systems is dependant on:
a) the rheological behaviour of the two proteins;
b) the way the solvent is partitioned between them;
c) the resultant effective concentration of protein within each phase; and
d) the phase volume occupied by each protein.
Materials and Methodology
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2.1 Protein Concentration Determination
2.1.1 Ultraviolet Spectroscopy
This is a rapid method of determining whether sample solutions contain protein. Most 
commonly absorbance is used to generate a protein elution profile after column 
chromatography. The assay is based on the strong absorbance of tyrosine, 
phenylalanine and tryptophan residues at 280 nm (Wetlaufer, 1962). Different proteins 
may therefore have widely varying extinction coefficients and if a protein contains none 
of the aromatic amino acids it will be undetected.
Method '. A dual beam Konitron spectrophotometer was zeroed, at 280 nm, using 3 ml 
of experiment buffer in both sample and reference 1 cm path length quartz cuvettes. 
The absorbance of the samples (3 ml) was then measured against the experiment buffer 
at 280 nm.
An absorbance of 1.0 was said to roughly approximate 1 mg/ml protein. In reality this 
is very imprecise and should only be used as a measure of protein presence or absence. 
The A280 of a 1 mg/ml sample of protein can, in fact, range from as low as 0.70 for 
bovine serum albumin to as high as 2.42 for a-amylase (Whitaker and Granum, 1980).
2.1.2 Kjehldahl Analysis
This is a general chemical method for determining the nitrogen content of any 
compound.
Method ; The sample (0.2 g) was digested by boiling with 20 ml concentrated 
sulphuric acid (Fisons) and 2 selenium catalyst tablets (Sigma) in a Tecator Kjeltec 
System 1 apparatus at 420 °C for 2-4 hours. Completion of the digestion stage was 
recognised by the formation of a clear solution. The digestion converted all the 
organic nitrogen into ammonia which was trapped as ammonium sulphate. The 
ammonia was released by the addition of excess sodium hydroxide (BDH) and 
removed by steam distillation in a Tecator distillation unit. It was collected in 25 ml of
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4 % (w/v) boric acid (Fisons) and titrated with standard 0.1 M hydrochloric acid using 
bromocresol green/methylene red as indicator.
The percent nitrogen (N) and protein (P) was calculated using the following formulae 
(Egan et a l,  1981):
% N = 14.01 X (sample titrant (ml) - blank titrant (ml)) (Equation 2.1)
g sample x 100
% P = N X K (Equation 2.2)
where K is a correction factor dependant on the amount of nitrogen present in the 
protein (Table 2.1).
T a b l e  2 .1  K je h l d a h l  c o r r e c t io n  f a c t o r s
Protein Factor K
Soya 5.71
Wheat 5.70
Whey 6 38
BSA 6 38
2.2 Electrophoresis Under Denaturing Conditions
A thorough and practical account of the methodology of SDS-polyacrylamide 
electrophoresis (SDS-PAGE) under denaturing conditions is given by both Bollag and 
Edelstein (1994) and by Davies (1989) and therefore only brief, specific details will be 
given here.
SDS-PAGE is a method to separate proteins using the differences in their molecular 
weight. It can be used to quantify, compare and characterise proteins and protein 
mixtures.
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Materials and recipes :
T a b l e  2.2 t h e  c o m p o s it io n  o f  o n e  5-20 %  g r a d ie n t  e l e c t r o p h o r e s is  g e l  s l a b  a n d  s t a c k in g  g e l
Ingredients (Source) 5%
Acrylamide
20%
Acrylamide
Stacking
gel
Protogel (National Diagnostics) 2.5 ml 10 ml 1.1 ml
Distilled water 10.13 ml 1.38 ml -
3M Tris (Sigma) pH 8.8 (with HCl 
(Fisons))
1.88 ml 1.88 ml -
Sucrose (BDH) - Z 2 5 g -
Urea/SDS/DTT * 1.5 ml 1.5 ml 2.0 ml
0.5M Tris-HCl pH 6.8 (suppliers as 
above)
- - 2.0 ml
0.8 % Ammonium persulphate (Sigma) 0.35 ml 0.35 ml 1.0 ml
TEMED (Sigma) 15 pi 15 pi 10 pi
* 38 g Urea (BDH) /1.16 g SDS (Sigma) / 25 mg DTT (Sigma) dissolved in 80 ml distilled water
T a b l e  2.3 c o m p o s it io n  o f  r e d u c in g
SAMPLE BUFFER
Reducing sam ple  buffer recipe
Bromophenol blue (Sigma) 1 mg 
Glycerol (Fisons) 1 ml
SDS (Sigma) 2 g
0.063 M Tris (Sigma) 0.76 g
Dissolve in distilled water to 100 ml 
Adjust pH to 6.8 with 0.2 M HCl 
(Fisons)
Add 5 % (w/v) 2- mercaptoethanol 
(Sigma)
TABLE 2.4 COMPOSITION OF 
ELECTROPHORESIS BUFFER RECIPE
E lectrophoresis buffer recipe
Glycine (BDH) 56.8 g
SDS (Sigma) 4 g
Tris (Sigma) 12.12 g
Dissolve in distilled water to 4 litres
Method : Linear slab 5 - 20 % gradient resolving acrylamide gels were made using the 
5 % and 20 % acrylamide solutions described in Table 2.2. The acrylamide solutions 
were poured between glass plates using a gradient mixer and the gel was allowed to set 
for one hour. A stacking gel, prepared according to the recipe given in Table 2.2, was
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poured on top of the resolving gel and a comb inserted into the solution before it was 
allowed to polymerise for 15 - 20 minutes.
Samples were prepared by dilution at a 1:1 ratio with reducing sample buffer (Table 
2.3) and heated for 3 minutes in a boiling water bath. Any insoluble particulate matter 
was removed by centrifiigation at 10,000 g for 10 seconds. A sample aliquot (20 pi) 
containing 10 - 20 pg of protein was loaded per well: Pre-stained molecular weight 
markers (Sigma) were run in parallel with the samples.
The gel was run in an LKB electrophoresis tank using an electrophoresis buffer made 
according to Table 2.4. The current was initially set to 25 mA while the sample passed 
through the stacking gel. A current of 50 mA was used to separate the proteins in the 
resolving gradient gel.
The gels were stained using a 0.1 % (w/v) solution of Comassie blue R 250 (Sigma) in 
a 5:5:2 ratio of distilled water, methanol (Fisons), and glacial acetic acid (Fisons) for a 
minimum of one hour and de-stained in a 31:5:2 ratio of distilled water, methanol and 
glacial acetic acid for 2 - 3 hours.
2.3 Densitometry
Densitometry is a technique used to scan the stained protein bands on a polyacrylamide 
electrophoresis gel with a spectrophotometer which allows the absorbance peaks to be 
integrated and therefore enables semi-quantitative analysis of electrophoresis results.
Method : The bands on a Comassie stained electrophoresis gel, run as described in 
Section 2.2, were analysed on a CS-9000 Shimatzu densitometer set to read at 595 
nm. The zigzag width of the scanning beam was adjusted to encompass the complete 
width of the electrophoresis lanes.
The absorbance of a protein band is proportional to the amount of protein over only a 
limited range of protein concentration. The proteins glycinin and p-lactoglobulin were 
used to assess the range of linearity of the technique (Figure 2.1). Use of these 
proteins illustrates how they can be loaded onto the gel up to different maximum
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concentrations before the peak area produced was no longer proportional to the 
amount of protein loaded onto the gel. This is due to the number of bands which each 
protein resolved into on the electrophoresis gel. The soya bean 11S globulin is 
resolved into the three main bands of its different molecular weight subunits, p- 
Lactoglobulin, however, is a single subunit protein and so the one peak became 
broader and less well-defined at a lower overall concentration of protein.
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Figure 2.1 An assessment of the range of linearity of densitometrj^
It can also be seen that the peak areas of the absorbance bands of these two proteins 
are not comparable when the same amounts of protein are loaded in each case. When 
10 pg of P-lactoglobulin is loaded, the total peak area is approximately twice that 
when 10 pg of soya bean IIS  globulin is used. This is probably due both to the 
differences in the solubility of the proteins in the sample buffer and to the different 
affinity which Comassie blue has for the two proteins due to the differing amino acid 
composition.
Densitometry was also used to estimate the molecular weight of the protein bands by 
giving an accurate reading of the distance the protein band travelled. The molecular 
weight of the proteins on an electrophoresis gel was estimated by constructing a 
standard curve of marker proteins of known molecular weight. For this the logio of the
Chapter 2 Materials and Methodology_______________________________________________ ^
known protein molecular weights was plotted as a function of their Rf values (Figure 
2.2). The Rf values were calculated according to Equation 2.3 ;
distance of protein migration -------------------- L-------------r ------------  (Equation 2.3)
distance of tracking dye migration 
Bromophenol blue was used as the tracking dye.
| d
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Figure 2.2 A standard curve constructed from the separation of Sigma pre-stained molecular weight 
standards (MWs, 180,000; 116,000; 84,000; 58,000; 48,500; 36,500 Da) on a gradient SDS-
polyacrylamide electrophoresis gel
From this curve it is possible to extrapolate the molecular weight of unknown proteins 
when they are run in parallel.
2.4 Hydrophobicity
The fluorescence method of Sklar et a i,  (1977) using cz5-parinaric acid as a probe was 
applied by Kato and Nakai (1980) to determine the effective hydrophobicity of 
proteins. c/y-Parinaric acid is a conjugated polyenoic fatty acid first used as a 
fluorescent probe in the detection of biological membranes (Sklar et al., 1975). It has 
a conjugated tetraene chromophore which exhibits many spectroscopic properties 
common to linear polyenes (Hudson and Kohler, 1974). Its absorption spectrum is
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characterised by a strong near-ultraviolet transition which is strongly affected by 
solvent polarisability.
Kato and Nakai (1980) showed that the surface hydrophobicity of a protein correlates 
with the surface properties, such as interfacial tension and emulsifying activity. They 
also noted a correlation between exposed hydrophobicity and the gelation properties of 
a protein.
Measuring the relative hydrophobicity of proteins is also useful to predict and explain 
the behaviour of proteins when in combination. In Section 1.6.2 it was pointed out 
that the relative affinities of proteins for the solvent, in this case water, played a major 
role in determining whether the proteins would interact or would phase separate when 
mixed. The relative affinity of each protein for the solvent also had a significant effect 
on the final strength of any mixed gel produced (Section 1.6.3).
Methods ; Ethanolic solutions of c/5-parinaric acid (3.6 x 10'  ^ M) (K+K, Rare and 
Fine Chemicals) were purged with nitrogen and equimolar butylated hydroxytoluene 
(Sigma) was added as an antioxidant. A stock solution of protein (0.1 % w/v) was 
made in phosphate buffer (0.01 M, pH 7.4) and diluted to give a range of protein 
concentrations from 0.01 to 0.001 %.
Relative fluorescence intensity was measured both before, and 15 seconds after, the 
addition of 10 pi of c/5-parinaric acid. A Perkin Elmer LS-5 luminescence 
spectrometer was used to measure fluorescence at 420 nm with an excitation 
wavelength of 325 nm. The spectrometer was standardised using 2 ml of «-decane 
with an added 10 pi of cz5-parinaric acid.
The relative surface hydrophobicity was calculated as the initial slope (So) of the 
fluorescence intensity versus protein concentration plot. The relative exposed 
hydrophobicity was also determined by the above method, but in this case the protein 
samples were heated in the presence of 1.5 % (w/v) SDS and subsequently cooled 
before the addition of the czj-parinaric acid.
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2.5 Selective Ionic Solubility
The solubility of proteins is highly dependant on the pH, temperature and ionic 
environment (Section 1.5.1 ). This fact was exploited as a technique for the separation 
of the soya proteins glycinin and P-conglycinin.
2.5.1 Method 1 (Kohyama etal.^ 1992)
Soya isolate or defatted soya flour was dispersed in 0.065 M Tris (Sigma) at pH 7.8 in 
a 1:20 ratio and stirred for 90 minutes at room temperature before the insolubles were 
removed by centrifugation (15,000 g, 20 min, 20 °C). The supernatant was adjusted to 
pH 6 . 6  with 2 M HCl (Fisons) and then dialysed against 0.065 M Tris-HCl at pH 6 . 6  
for 5 hours at 3 °C. The suspension was centrifuged (15,000 g, 20 min, 2  °C) and the 
resultant 1 IS protein pellet was washed, lyophilised and stored at - 20 °C.
In order to isolate the 7S protein, P-conglycinin, the 7S-rich supernatant which 
remained after extraction of 1 IS was diluted two fold with ice cold water and taken to 
pH 4.8 with 2 M HCl (Fisons). The solution was centrifuged (6,500 g, 20 min, 4 °C) 
and the pellet was taken, washed twice, and then adjusted to pH 7,5 before it was 
lyophilised.
The method of Kohyama et al. (1992) claimed to yield an 1 IS isolate of approximately 
90 % purity by electrophoresis and ultracentrifuge sedimentation analysis.
2.5.2 Method 2 (Nagano et a/., 1992)
One part soya isolate or defatted soya flour was added to 15 parts distilled water, the 
pH was adjusted to 7.5 with 2 M NaOH (BDH), and the mixture was stirred at room 
temperature for 1 hour. The dispersion was filtered through a 120 micron mesh to 
remove any large particulate matter and then centrifuged (10,000 g, 20 min, 2 0  °C) to 
remove the insoluble fraction. The antioxidant sodium sulphite (Sigma) was added to 
the supernatant to a final concentration of 0.98 g/1 and the pH of the solution was 
adjusted to 6.5 with 2 M HCl (Fisons). The resultant solution was left for 17 hours at
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2  °C, after which the 1 IS precipitate was collected by centrifiigation (10,000 g, 20 
min, 2  °C).
Nagano et al., (1992) claimed to isolate an US fraction which was 95 % protein by 
Kjehldahl (no purity data were given).
2.6 Soxhlet Extraction
Soxhlet extraction procedures are used to extract soluble matter such as crude fat, 
additives, pesticides and critical minor constituents from complex materials. They are 
based on a simple reflux concept where the solvent when heated, evaporates and 
condenses above the sample (Figure 2.3). The pure condensed solvent drips through 
the sample back into the ftask taking with it any dissolved fat, additives etc.
i .
condenser 
cold water
solvent condensation n  '
Soxhlet thimble'"^^^/  solvent evaporation
sample Ld solvent
heat
Figure 2.3 A schematic diagram of the Soxhlet apparatus
Method ; A Soxtec System HT was used to extract fat from 5 g aliquots of ground 
dehulled soya flour in 50 ml aliquots of hexane (Fisons). The extraction was carried 
out at 140 °C for 1 hour in 26 mm diameter Soxhlet thimbles (Perstorp Analytical).
2.7 Hydroxylapatite Chromatography
Hydroxylapatite, a form of calcium phosphate, was first used for protein 
chromatography by Tiselius et a l, (1956) and is most widely used in preparative 
biochemistry because of its:
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(i) unique selectivity - molecular separation on hydroxylapatite is not primarily 
dependant on molecular weight, molecular size, charge density or isoelectric 
point;
(ii) high capacity - its surface area is about 50 m  ^per gram;
(iii) low non-specific adsorption of hydrophobic substances due to the inorganic 
crystalline matrix of hydroxylapatite; and
(iv) economic advantages - the initial cost of the material is relatively low and it is 
reusable.
The mechanism of the interaction of proteins with hydroxylapatite was described by 
Gorbunoff and Timasheff (1984) in detail and three fundamental conclusions were 
outhned:
(i) adsorption and elution could not be regarded as simple reversals of a single 
process;
(ii) amino and carboxyl groups act differently in the adsorption of proteins to 
hydroxylapatite and
(iii) elutions of basic and acidic proteins by different salts follow different 
mechanisms.
A phosphate buffer was used for the separation of the soya proteins. A 
hydroxylapatite column equilibrated with phosphate buffer has an overall negative 
charge (HAPO4 ) Protein amino groups interact electrostatically with the column 
(Gorbunoff, 1984b).
HAPO4 ^sN -Prot (Equation 2.4)
Carboxyl groups act in two ways. Firstly, they are repelled electrostatically from the 
negative charge of the column and secondly they bind specifically to calcium sites on 
the column.
[HACa OOC-Prot] (Equation 2.5)
Thus, basic proteins are eluted either as a result of normal Debye-Hückel charge 
screening, or by specific displacement by Ca^  ^and Mg^^ ions which complex with the 
column phosphates and neutralise their charges. Acidic proteins are eluted by 
displacement of their carboxyl groups from the hydroxylapitite calcium sites by ions
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such as fluoride or phosphate which form stronger complexes with calcium than do 
carboxyl groups (Gorbunoff, 1984a).
The soya 1 IS globulin contains both acidic and basic subunits (Section 3.1.2.2) and so 
is capable of binding to the column by both the mechanism described for amino groups 
Equation 2.4 and that for carboxyl groups Equation 2.5. Elution with phosphate 
buffer therefore displaces the protein by both charge screening and by preferential 
complexation with the calcium binding sites on the column.
2.7.1 Sample Preparation
Samples were prepared according to the method of Lambert et al., (1987). A 1:20 
ratio of soya isolate PP 500E:Tris buffer (0.03 M Tris (Sigma), pH 8 with 3 M HCl 
(Fisons)) was stirred for 30 minutes. The mixture was then centrifuged at 10,000 g  for 
10 minutes to remove any insolubles. The IIS  globulin-rich fraction was extracted 
from the supernatant by cold precipitation (4 °C for 12 hours) and collected by 
centrifugation at 10,000 g  for 10 minutes.
2.7.2 Column Chromatography
Column chromatography was carried out according to the method of Wolf and Sly, 
(1965). A 1 cm X 15 cm column was packed with Bio-gel HT hydroxylapatite resin. 
Before each chromatographic analysis the column was washed with 1 litre of 1 M 
potassium di-hydrogen orthophosphate (BDH), pH 7.6, 0.03 % sodium azide (BDH), 
(hereafter called chromatography buffer), and equilibrated with 0.03 M 
chromatography buffer.
A 5 ml sample containing 1 mg/ml of the 11S globulin-rich fi’action was loaded onto 
the 1 cm X 15 cm column and gradient elution was achieved using 0.03 M -1 M 
chromatography buffer at a flow rate of 1 ml/min. Eluent fractions (3 ml) were 
collected and the absorbance of these fractions was read at 280 nm to detect the eluted 
protein (Section 2.1.1).
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The column fractionation procedure was scaled-up to a 5 cm x 15 cm column onto 
which 10 ml of a 1 mg/ml IIS  globulin-rich sample could be loaded. To enable a 
greater quantity of 1 IS globulin to be collected more rapidly it was necessary to devise 
a step-wise elution. The aim was to wash, in one step, the proteins which elute off the 
column before IIS  globulin. The IIS  globulin fraction could then be collected and 
any remaining proteins washed off the column using a 1 M chromatography buffer.
2.8 Enzyme Linked Immunosorbant Assay (ELISA)
ELISA is used to detect the presence of, and/or quantitate the amount of, a protein 
(antigen) using antibodies specific to that protein (Burrin, 1989). ELISA combines the 
specificity of antibodies with the sensitivity of simple spectrophotometric enzyme 
assays by using antibodies or antigens conjugated to an easily assayed enzyme that also 
possesses a high turnover number (Kemeny, 1991). ELISA has been increasingly used 
for food analysis since the 1970s as it is a technique which requires no expensive 
specialised equipment which would not normally be found in a well-equipped 
laboratory (Sauer et al., 1985).
There are three main ELISA techniques, the competitive method, the non-competitive 
double-antibody or sandwich ELISA, and the indirect method. In the first the antibody 
is bound to the surface of an ELISA plate. The sample containing an unknown 
quantity of the antigen is mixed vrith a known amount of an enzyme-labelled antigen 
and this mixture is allowed to react with the antibody. Any excess antigen is washed 
away, the enzyme substrate is added, and the enzyme activity may be measured in the 
conventional way. The difference between this value and that of the enzyme-labelled 
antigen alone (no sample added) is a measure of the concentration of unlabelled 
antigen present in the sample. A major disadvantage of this technique is the necessity 
to conjugate the enzyme onto the antigen.
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In sandwich ELISA, as the name suggests, the sample is sandwiched between two 
antibodies. This is therefore a highly sensitive method but requires two antibodies 
raised to different epitopes on the protein.
The final method, the indirect method, involves binding the sample to the ELISA plate 
and then detecting its presence with the use of an antibody specific to the protein of 
interest. This antibody may be conjugated to an enzyme or, more simply, antibodies 
are commercially available which are already conjugated to suitable enzymes and are 
raised against the antibodies of a specific animal.
Due to its simplicity and economic advantages this last method was used for the 
detection of the soya 11S globulin A primary antibody raised in rats was used (Carter 
et al., 1992) along with a Sigma anti-rat enzyme-labelled secondary antibody (Figure 
2.4).
! “ • 1 “  i "  h
Anti-US y \  Anti-US Anti-llS
X .  # . x .  JL x_ ______  X .  e . x .
Sample Sample control Sample and Anti - US
block control control
Figure 2.4 A diagrammatic scheme of the ELISA used to detect 1 IS in the column effluent fractions 
Key: S - substrate, EL - Enzyme label, Anti-1 IS - antibody raised to the 1 IS protein (Carter et al., 
1992) X - blocking proteins, •  - soy isolate protein other than 1 IS, the 1 IS globulin of soya
The primary problem encountered with the ELISA method is the non-specific binding 
of the antibody to the microtitre plate. This can be minimised by using a suitable 
blocking protein and must be assessed at all times using suitable controls (Figure 2.4). 
These include a sample control (when no sample is added) by which it is possible to 
see exactly how much of the binding is non-specific. By missing out both the sample 
and the block and comparing the result with that when the sample only was omitted it 
is possible to tell how much binding there was between the antibodies and the blocking 
proteins. Finally, it is necessary to test the specificity of the secondary enzyme-labelled 
antibody by omitting the primary antibody.
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Materials and recipes :
T a b l e  2 .5  c o m p o s it io n  o f  p h o s p h a t e
BUFFERED SALINE (PBS)STOCK SOLUTION
PBS 10x Stock solution
80 g Sodium chloride (Fisons)
2.0 g Potassium di-hydrogen 
orthophosphate (BDH)
11.65 g Sodium di-hydrogen 
orthophosphate (BDH)
2.0 g Potassium chloride (Fisons) 
made up to 1 litre with distilled water
TABLE 2 .7  COMPOSITION OF CITRATE 
BUFFER
Citrate buffer (pH 5.3)
1.166 g Citric acid (BDH)
1.8247 g Di-sodium hydrogen 
phosphate (BDH)
250 ml Distilled water
TABLE 2.6 COMPOSITION OF PBS TWEEN (PBS T) 
AND PBS GELATIN AND TWEEN (PBS GT)
PBS-T and PBS-GT
100 ml of lOx PBS stock (Table 2.5) 
made up to 1 litre with distilled water 
0.5 ml Tween 20 (Sigma)
For PBS-GT add 0.1 g gelatin (BDH)
T a b l e  2 .8  c o m p o s i t io n  o f  t m b  s u b s t r a t e  
TMB Substrate*
20 ml Citrate buffer (Table 2.7)
100 pi TMB/DMSO (Fisons)
20 pi Hydrogen peroxide (BDH)
♦made minutes before use
Method ; Duplicate 200 pi aliquots of sample solution {e.g. of the column eluent 
fractions Section 2.7.2) were used to coat 96 well Dynatech microtitre plates. Two 
sample control wells were filled with distilled water. The plates were incubated for 16 
hours at 4 °C to allow the protein to bind to the plate surfaces. Any excess sample 
was then washed off with PBS-GT (Table 2.6), or PBS-T (Table 2.6) for block control 
wells. The plates were washed five times and any excess wash buffer was removed by 
banging the plates onto an absorbent towel between the washing stages. This 
procedure was used each time the plates were washed. All of the wells, except the 
block control wells, were then incubated with 150 pi of PBS-GT for 1 hour at 37 °C. 
For block control wells PBS-T was used. The plates were then washed as before. 100 
pi ahquots of the rat anti-1 IS globulin antibody diluted in PBS-GT (or PBS-T for 
block control wells) were added to all of the wells except those used as primary 
antibody controls. The plates were then incubated for 2 hours at 37 °C after which
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another washing stage was carried out as before. Aliquots (100 pi) of horse-radish 
peroxidase labelled goat anti-rat antibody (Sigma) was added to all of the wells and the 
plates incubated for 3 hours at 37 °C After a final washing stage 100 pi of TMB- 
substrate (Table 2.8) was added to all of the wells and the colour change monitored 
during incubation at 37 °C. The reaction was stopped with 50 pi of 1 M hydrochloric 
acid and the absorbance read at 450 nm.
2.9 Differential Scanning Calorimetry (DSC)
DSC is a technique used for measuring the temperature dependency of a physical 
property of a substance whilst varying its temperature according to a specific program. 
There are two types of DSC, the heat flux type and the heat compensation type. 
Today the heat flux type is widely used. In the heat flux DSC a sample and a reference 
substance are sealed into metal crucibles, placed on a metal plate connected to a 
furnace which is a heat sink, and the temperature difference of the sample and a 
reference substance is measured. Since the difference of heat flowing from the heat 
sink into the sample and reference substance is proportional to the temperature 
difference of the sample and the reference substance, the heat flow (mJ/sec) is 
indirectly obtained by measuring the temperature difference. On the DSC trace of 
mJ/sec (or mV) plotted against temperature a downward peak represents an absorption 
of heat (endothermie reaction) such as that which takes place with protein 
dénaturation, and an upward peak indicates a release of heat
Method ; DSC measurements were made using a Setaram batch and flow 
microcalorimeter at a scan rate of 0.1 °C/min covering the temperature range from 5 to 
95 °C or 130 °C. Sample pans were filled with approximately 1 g of the protein and a 
reference pan of distilled water was adjusted to within ±0.1 g of the same weight.
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2.10 Rheology
The basic theories of rheology, have already been discussed in Section 1.5 .4.4 and here 
the measuring techniques will be discussed.
2.10.1 Rheological Techniques
The main rheological techniques in current use are rotational viscometers, large 
deformation compression testers, and rheometers. Of these the last two are useful for 
the rheological evaluation of gels.
2.10.1.1 Large deformation and failure behaviour
Large deformation compression testers are useful to study solid-like samples. This is a 
destructive technique and is viewed as being particularly relevant in the study of foods 
since it emulates the action of mastication (Prentice, 1984).
Method : Samples were prepared in two different ways depending on the gelation 
conditions to be studied. Gels produced at atmospheric pressure and temperatures up 
to 90 °C were prepared in stainless steel tubes (Figure 2.5). These were then heated in 
a water bath for 20 minutes to denature the proteins and promote aggregation and 
network formation. They were then cooled to room temperature under cold running 
water.
bung
sample
steel tube
Figure 2.5 Sample preparation for heating at atmospheric pressure
An alternative treatment was to autoclave the proteins to emulate the processing of 
canned foods. This was achieved by suspending sacs of protein solution in the
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autoclave. The sacs were made from visking tubing and were secured at each end with 
a knot. Ciing-film was wrapped around the sacs because visking tubing is semi- 
permeable. Pipe-cleaner wrapped around the top of the sac was hooked over pieces o f  
string suspended across a large beaker. This was to ensure that uniform heat and 
pressure were applied throughout the sample. The samples were then subjected to 
temperatures of 120 °C and pressures of 2 atm for 20 minutes. They were allowed to 
cool at room temperature for 20 minutes.
In both cases gelled samples were then cut into 15 mm long cylinders. Care was taken 
to ensure that the ends of the cylinders were parallel. The resultant gels were then 
tested on an Instron Universal Testing Instruthent.
force
Geometry
deformation
Sample
Chart recorder
Figure 2.6 Diagrammatical representation of the Instron Universal Testing Instrument
The major problem of gel failure investigation is its statistical nature. Even in carefully 
controlled replicate experiments there will be a distribution of values of the stress and 
strain-to-break. The only way to minimise this is to perform each experiment several 
times and thus for each sample at least five gels were tested.
A schematic diagram of the Instron Universal Testing Instrument used for this work 
(Figure 2.6) shows how the weight, W, was lowered to compress the sample. The 
Instron Universal Testing Instrument was equipped with a compression load cell 
having a maximum load capacity of either 2000 g or 20,000 g. A cylindrical brass 
plunger, to which a disc with a diameter of 43 mm was attached, was screwed on to 
the crosshead. The crosshead was driven by a gear at 10 mm/min. Calibration of the 
chart was carried out by means of weights (0-100 g on sensitivity scale x 1, for the
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light cell; 0-2000 g on scale x 2 for the heavy cell). The chart speed was set at 100 
mm/min.
The gel, with the cut end facing upwards, was placed on the centre of the table. 
Following the manual adjustment of the plunger to just touch the surface, the plunger 
automatically pressed the gel to a distance of 12 mm at 1 cm/min. The deformation of 
the sample on compression was plotted against the force applied. Parameters obtained 
from compression testing of a sample were:
(i) the shear modulus (G) - the initial slope of the stress vs. strain graph;
(ii) the force at fracture (Fc) - the force required to rupture the sample and
(iii) the deformation at fracture (Ah), or the cohesiveness.
These last two parameters were used to calculate the fracture shear stress and fracture 
shear strain using Equations 1.8 and 1.9 of Section 1.5.4.4.
2.10.1.2 Small deformation rheological behaviour
Method : A Rheometrics constant stress rheometer was used for the non-destructive 
small deformation testing of samples. A rheometer (Figure 2.7) consists of a spindle 
which can be rotated with extremely low inertia due to the almost frictionless air 
bearing which controls its motion (Whorlow, 1992).
air bearing
spindle
geometry
computer
sample
peltier plate
Figure 2.7 Schematic diagram of a rheometer
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A parallel plate geometry was attached to the spindle and the gap between the 
geometry and the heating plate was set. The sample was placed onto the heating plate 
and the geometry lowered. Care was taken to ensure that the amount of sample 
loaded was such that the edge of the sample was flush with the edge of the parallel 
plates. This minimised any edge-effects which might otherwise have been seen.
The rheometer could then be used for transient or dynamic rheological testing. For the 
latter an oscillatory stress was applied to the sample by oscillating the spindle, and 
therefore the geometry in a sinusoidal fashion. The theory behind dynamic oscillatory 
rheology is given in Section 1.5.4.4.
Gel cure experiments ; Since the majority of aggregation processes involve physical 
changes {e.g. of temperature) for their initiation, a typical regime of mechanical 
characterisation is to dissolve a biopolymer in water at a temperature quite different 
from that at which gelation can occur, and then either changing the temperature at a 
reproducible rate, or maintaining the system isothermally at a new temperature at 
which aggregation can proceed. There is a wealth of literature describing experiments 
approached in this way (Mitchell, 1980; Prentice, 1984; Barnes et al., 1989; Hanman, 
1991; Fergason and Kemblowski, 1991; Whorlow, 1992).
There are two main points to be appreciated in this type of experiment. Firstly, it is 
important that the frequency of oscillation is not too low for practical reasons and a 
frequency of 1 rad/sec was chosen as a compromise between measuring so quickly that 
entanglements might be included or so slowly that not enough data would be obtained. 
Secondly, it was important to keep the oscillatory strain sufficiently low to ensure that 
all of the measurements taken were within the linear viscoelastic regime so that the 
network was not disrupted as it formed. The applied stress was therefore varied to 
keep the strain at about 1 %.
The temperature of the peltier plate was then programmed to ramp, at a rate of 1 
°C/min, from 20 °C to 90 °C. It was held there for one hour until the sample reached a 
pseudo-equilibrium. The peltier plate was then cooled to 20 °C at rate of 2 °C/min.
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■ temperature
G7G” crossover
time
Figure 2.8 A representation of a temperature sweep achieved when heating a sample on a rheometer
The real (G’) and imaginary (G” ) parts of the dynamic shear modulus were charted as 
a function of time. A representative sweep for a protein sample is shown in Figure 2.8. 
The point at which the storage modulus becomes greater than the loss modulus 
(G7G”  crossover) was taken as the gel point.
Stress dependence : The importance of measuring within the linear viscoelastic regime 
was outlined in the above section. The response of a sample to increasing stress may 
be used to find the region in which minimum disruption occurs and valid results are still 
obtainable, that is, the linear viscoelastic region (Figure 2.9).
fracture
linear viscoelastic region
Strain
stress
Figure 2.9 Stress dependence of a biopolymer network measured by rheological techniques
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Frequency dependence ; Once the gel cure trace had reached an apparent plateau the 
frequency of oscillation was altered, and G’ G” charted as a function of radial 
frequency. There are two points of issue here, firstly, how level is the plateau of the 
gel cure, and then secondly, what does the resultant mechanical spectrum represent.
Many biopolymer systems continue to show log G’ increasing as a function of log (t) 
for days or weeks (Clark and Ross-Murphy, 1987). As long as the sample is 
surrounded by a silicone oil seal the increases can be assumed to be the result of aging 
and not a loss of solvent which would cause an increase in the volume fraction of the 
polymer. Typically, experiments are allowed to equilibrate for 2-3 hours before a 
mechanical spectrum is taken.
The mechanical spectrum of a typical gel would consist of two nearly horizontal 
straight lines. G’ is typically 1-2 orders of magnitude greater than G” and both may 
show some slight increase at higher frequencies. Any frequency dependence is 
indicative of the non-permanence of the gel structure formed.
Creep compliance test ; Rheometers may also be used for transient experiments 
(Section 1.5.4.4). The simplest rheological experiment that can be conceived is to 
apply to a sample, at zero time, a stress which, since it is applied instantaneously, is 
regarded as a step fiinction and then to observe the pattern of response. A graph 
showing the development of strain (y) with time, while the stress remains constant, is 
known as a creep curve. The expected creep curves for a range of theoretical samples 
from elastic solids through to viscous solutions were described in Section 1.5.4.4.
For the rheological work detailed here this experiment was carried a little further, and 
the stress was removed. A Hookean solid would recover completely and immediately. 
A Kelvin body’s recovery would be retarded, although it would eventually return to its 
original state. A Newtonian fluid would cease to flow once the stress had been 
removed and a Maxwell body would first recover its elastic component immediately 
and then remain at rest. This second part of the experiment enabled the calculation of 
the irreversible compliance component which is a measure of the degree to which the 
structure deviates from its original state after it has been deformed.
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Irreversible complience component = “ um strain after _  final stram after
application o f stress removal o f stress
(Equation 2.6)
2.10.1.3 Syneresis determination
As gels form there may be the formation of inter-protein bonds such that there is a 
decrease in the number of loci available for binding water and a reduction of the 
amount of intermolecular space available to immobilise water through capillary forces. 
This often results in a loss of fluid, a phenomenon known as syneresis, which is 
generally thought of as undesirable.
Methods o f  measuring syneresis : The straightforward method for measuring syneresis 
which was employed for this work involved weighing the amount of water which the 
sample lost. This was done in one of two ways depending on the actual measurement 
to be achieved.
Water loss during heating : Often, when gels were removed from the tubing after 
being autoclaved, a small amount of water was seen to be present in the sac. The 
weight of the samples before autoclaving was therefore taken and the weight of the gel 
produced was subtracted from this. The difference was assumed to be lost water. 
Similarly, if the gel was produced in metal tubes and heated in the water bath, the 
weight of water lost could be calculated by subtraction of the gel weight from the 
original weight of the sample.
Then the percentage syneresis was calculated by:
% syneresis = (weight of water lost / original weight of gel) x 100 |
(Equation 2.7)
Water loss during compression : The percentage syneresis on compression was
measured by placing absorbent paper beneath the gel when it was compressed and 
calculating the change in weight of the paper.
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2.11 Microscopy
2.11.1 Phase Contrast Microscopy
Phase contrast microscopy is a form of light microscopy used when samples are 
unstained in order to distinguish their relief. Changes in phase of the emergent light 
are caused mainly by either diffraction or by changes in the refractive index of material 
within the specimen or even by differences in the thickness of the specimen. At the 
point of focus the converging light rays show interference resulting in either increases 
or decreases in the amplitude of the resultant wave (constructive or destructive 
interference respectively) which the eye detects as differences in brightness (Simpkins,
1989).
Method ; Samples were placed on microscope slides and viewed under the phase 
contrast microscope. Coverslips were not used as these may have affected the 
structure observed.
2.11.2 Transmission Electron Microscopy (TEM)
Microscopes using visible light will magnify approximately 1500 times and have a 
resolution limit of about 0.2 pm, whereas a transmission electron microscope is 
capable of magnifying approximately 200,000 times and has a resolution limit of about 
1 nm (Simpkins, 1989). The excellent resolving power of transmission electron 
microscopy is largely a function of the very short wavelength of electrons accelerated 
under the influence of an applied electric field. An accelerating voltage of 100 kV 
produces a wavelength of 4 x 10'  ^nm.
2.11.2.1 Sample preparation
Transmission electron microscopy requires thin sample specimens. Preservation and 
integrity of the samples requires initial fixation which may be achieved by rapid 
freezing or chemical treatment to stabilise and crosslink protein. Fixation with
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glutaraldehyde is the result of the formation of methylene bridges with side chain 
amino groups of proteins. Fixed tissue is then subjected to dehydration and sectioning.
Method ; 1 mm cube samples cut from gels which were prepared as described in 
Section 2.10.1.1 were fixed for 4 hours in 5 ml of 4 % glutaraldehyde (Sigma, E M 
grade) in 0.1 M cacodylate buffer (Sigma) at pH 7.4. After fixation the samples were 
washed several times in the cacodylate buffer before being dehydrated. This latter was 
achieved by passing the samples through 25 % (w/v) ethanol, 50 % (w/v) ethanol, 75 
% (w/v) ethanol, 90 % (w/v) ethanol and finally absolute ethanol. Samples were held 
for at least 10 minutes in each solution, and each solution was used twice. After the 
second incubation in absolute ethanol, the samples were placed in a 1:1 ratio of 
absolute ethanol and L.R. White resin for 20 minutes. During this time they were 
placed on a rotating drum as the two solutions were immiscible. Finally, the samples 
were incubated in pure L.R. White resin for 4 hours at room temperature in individual 
capsules (TAAB), and to polymerise the resin samples were incubated for a further 12 
hours at 60 °C
The resultant embedded samples were sectioned on a microtome and floated onto 
nickel grids. It was then possible either to stain the samples with uranyl acetate and 
view them, or to use antibody detection mechanisms as described in the following 
section.
2.11.2.2 Immunocytochemistry
Gold labelled antibodies specific to the proteins present in the sample section may be 
used to identify the protein in situ. Using antibodies labelled with gold particles of 
different sizes it is possible to differentiate between proteins in a mixed gel sample.
Many of the theories of this technique are similar to those of ELISA (Section 2.8) and 
the principle is analogous to that of the indirect ELISA approach. A blocking agent 
may be applied to the sample section in an attempt to minimise non-specific binding. 
Pre-immune serum is generally considered to be the most effective blocking protein. 
The use of controls is as important here as it was in the case of ELISA (Section 2.8)
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and similar controls are employed. The sample control consists of pure resin in order 
to assess the amount of non-specific binding of the antibodies to the resin. A block 
control is used to ensure that the blocking protein is serving a useful purpose and by 
omitting the primary antibody it is possible to investigate the amount of the signal 
which is due to non-specific binding of the secondary antibody. A further control used 
when studying the mixed gel samples is the cross reactivity of the antibody raised 
against one protein with the second protein present.
Method : The nickel grids holding the gel sections (Section 2.11.2.1) were passed 
through a series of solutions as described in Table 2.9. This was achieved by floating 
the grids onto droplets of the solutions placed on a strip of wax. All of the solutions 
were filtered through Sartorius Minisart NML single use filters to remove any dust 
particles. A pair of fine-nosed tweezers was used to handle the very delicate sections.
The protocol for mixed gels was the same as that in Table 2.9 except that after the 
incubation with the primary antibody raised against one of the proteins in the gel it was 
necessary to carry out a second incubation with the antibody raised to the second 
protein of the mixture. The same was true for the secondary antibodies, and two 
incubations were again necessary.
In all cases the samples were finally left to dry on fibre-free absorbent paper before gel 
sections were stained with uranyl acetate and viewed under the 400T transmission 
electron microscope.
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TABLE 2 .9  THE OPTIMISED PROTOCOL FOR IMMUNOGOLD LABELLING OF SAMPLES
Step Solution Time R eason
1 10 % H2O2 10 seconds Etches samples and exposes 
antigenic sites
2 Distilled water 10 seconds Washes off H2O2
3 1:30 Pre-immune serum: 1 
% PBS (Table 2.5)
30 minutes Blocking protein
4 1:0 Primary antibody 
(Table 2.10)
1 hour Locates protein in the sample
5 0.5 M Tris pH 7.2 15 minutes Washes off primary antibody
6 0.5 M Tris pH 7.2 15 minutes
7 0.5 M Tris pH 7.2 15 minutes
8 0.5 M Tris pH 8.2 15 minutes Prepares for secondary 
antibody
9 Secondary antibody (Table 
2.11)
1 hour Binds to and locates primary 
antibody
10 0.5 M Tris pH 7.2 15 minutes Washes off secondary 
antibody
11 0.5 M Tris pH 7.2 15 minutes
12 0.5 M Tris pH 7.2 15 minutes
13 Distilled water 15 minutes Washes off Tris buffer
T a b l e  2 .1 0  primary antibodies used for immunocytochemistry
Sam ple Primary antibody
Raised against: Raised in: Supplier:
Soya isolate PP 500E or Glycinin Rat IFRN, Norwich
Glycinin Glycinin Rat EFRN, Norwich
Whey isolate Whey Rabbit Sigma
(3-Lactoglobuhn 3-Lg Rabbit University of Surrey
TABLE 2 .1 1  SECONDARY ANTIBODIES USED FOR IMMUNOCYTOCHEMISTRY
Secondary antibodies u sed
Raised against: Raised in: Gold label size: Supplier:
Rat
Rabbit
Goat
Goat
5 nm 
15 nm
Sigma
Amersham
Characterisation of the 
Selected Proteins
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3.1 Introduction
Numerous protein combinations are already used in food products but not exploited to 
their full potential, and more which could prove useful to the food industry. The 
protein combinations chosen for the present study were soya protein isolate with whey 
protein isolate and soluble wheat protein with salt-soluble meat proteins. The former 
is an example of a phase separated system already in use in some foods and about 
which there is increasing current interest (Chronakis and Kasapis, 1993; Roefs et al, 
1994). The latter, is a system with potential applications particularly in the pet food 
industry where the combination of wheat gluten and meat proteins have been 
successfiilly used (Maningat et a l, 1994).
Soya protein isolate, whey protein isolate, soluble wheat protein and salt-soluble meat 
proteins are all complex mixtures of proteins. Hence, it was necessary to characterise 
each system in isolation before the interactions between them could be studied.
3.1.2 A Background to Soya Protein Isolate
Through the centuries soya bean products have played a very important nutritional role 
as a source of protein in the diet of oriental people. More recently worldwide attention 
has been paid to soya beans as an economic and quality protein source (Fukushima, 
1991).
3.1.2.1 Manufacture
For human consumption soya beans are cooked and fermented or processed by moist 
heating. Such processes improve texture, palatability, and nutrition^ quality (Khan, 
1990). The main products are fermented foods such as soya sauce, tofu, natto, miso, 
sufu, tempeh and defatted soya bean products made from soya protein concentrate, 
soya protein isolate and texturised soya protein.
The manufacturing process of isolated soya protein begins with defatted flakes which 
are produced from soya beans by a process of cracking, dehulling, conditioning.
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flaking, extracting with hexane, cooking and toasting. Flakes are converted into 
concentrates by leaching out the soluble materials, or converted into isolates by 
dissolving the proteins in the flakes with an alkaline solution, and coagulating them 
into a curd by shifting the pH to 4.5 (Figure 3.1). During processing the soya proteins 
undergo a degree of dénaturation, the extent of which depends on the severity of the 
processing conditions employed (Wagner et al., 1992).
Soya bean
-----► Oil
Defatted flakes
aqueous extraction with 
dilute alkali ♦ Residue 
Extract
pH adjustment to 
pH 4.5 Soya Whey
I
neutralise and 
dry
4
Protein Curd
I
wash 
_______I_________
dry
I
sugar removal
Soya Protein Soya Protein Isolate
Isolate (Isolelectric Form)
grind
Soya Protein Soya Flour
Concentrate
Figure 3.1 A typical manufacturing process for soya protein products 
(Welsby, 1992; Pomeranz, 1991)
3.1.2.2 Composition
The composition of isolated soya protein PP 500E (the soya isolate used for this work) 
has previously been reported as being similar to that of typical commercially available 
soya protein isolates which have a higher protein content and a lower oil, ash and fibre
Chapter 3 Characterisation of the Selected Proteins 62
content than soya concentrate, flour or bean (Table 3.1). The proteins present in the 
isolate fall mainly into two categories, storage proteins and biologically active proteins.
T a b l e  3 .1  Composition of So ya  Protein Products
Product
Protein 
(N X 6.25)
%
Oil
%
Ash
%
Crude fiber
%
Whole soya bean" 42 20 5.0 5.5
Defatted soya flour" 54 1.0 6.0 3.5
Soya protein 
concentrate"
70 1.0 5.0 3.5
Soya protein isolate
-typical" 92 0.5 4.5 0.5
-PP 500^* 91.5 0.5 3.8 <0.2
Welsby, 1992; European Food Directory, 1989.
The latter occur in very small quantities, but some of them are very important in food 
processing due either to their anti-nutritional effects such as trypsin inhibition, or to 
adverse effects that they have on the quality of the food product such as the grassy 
flavour imparted by lipoxygenases (Fukushima, 1994).
T a b l e  3 .2  proximate composition of ultracentrifuge FRACTIONS OF WATER-
EXTRACTABLE SOYA BEAN PROTEINS
Protein fraction Percentage 
of total
C om ponents
(% total protein)
Molecular
weight
2S 8 Trypsin inhibitors®/ 
Cytochrome c® |
2S Globulin (a-cpnglycinin)^
8,000; 21,000 
12,000 
18-33,000
7S 35 Hemagglutinin® 
Lipoxygenase® ■ 
a-Amylase®
7S Globulin‘s
- P-Conglycinin (~27 % f
- y-Conglycinin (~3
110,000
102,000
61,700
180-210,000
105-150,000
l i s 52 US Globulin (glycinin)® 350,000
15S 5 15S Globulin® -600,000
" Pomeranz, 1991; Fukushima, 1991; ^Yamauchi ei a/., 1991
Characterisation of soya bean proteins is generally based on their separation by 
ultracentfifugtion which yields four fractions (Table 3.2) primarily on the basis of their 
differences in molecular size (Wolf, 1977).
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The major proteins present in soya isolate are glycinin (1 IS globulin), and 13- 
conglycinin, (7S globulin) (Table 3.2). From the amino acid composition data it is 
noticeable that the glutamic and aspartic acid content of the isolate and both US and 
7S globulins is very high (Table 3.3). In (3-conglycinin the amount of tryptophan and 
the sulphur-containing amino acids present is lower than that of the 11S globulin and 
whole soya isolate.
Table  3.3 Amino acid composition of soya  protein isolate PP 500E and  soya  11S, and  7S
GLOBULINS
Com position in g AA/100g protein
Amino acid Soya
isolate  PP 
500E^
118 Globulin 7S Globulin" 
(P-conglycinin)
Alanine 4.3 4.0 3.7
Arginine 7.6 8.9 8.8
Aspartic acid 11.6 13.9 14.1
Cysteine 1.3 1.7 0.3
Glutamic acid 19.1 25.1 20.5
Glycine 4.2 5.0 2.9
Histidine 2.6 2.6 1.7
Isoleucine 4.9 4.9 6.4
Leucine 8.2 8.1 10.3
Lysine 6.3 5.7 7.0
Methionine 1.3 1.3 0.3
Phenylalanine 5.2 5.5 7.4
Proline 5.1 6.9 4.3
Serine 5.2 6.5 6.8
Threonine 3.8 4.1 2.8
Tryptophan 1.3 1.5 0.3
Tyrosine 3.8 4.5 3.6
Valine 5.0 4.9 5.1
Total Sulphur AA 2.6 3.0 0.6
Total Aromatic AA 10.3 11.5 11.3
* Essential amino acids,® European Food Directory, 1989; Fukushima, 1991
The amount of the sulphur containing amino acids is particularly important as 
sulphydryl (-SH) groups and disulphide (S-S) bonds have a large influence on the 
functionalities of the proteins as described in Section 1.2.1. There are no sulphydryl 
groups per molecule of 78 globulin and only two disulphide bonds. In contrast, 118 
molecules have two sulphydryl groups and 20 disulphide bonds per molecule 
(Fukushima, 1991).
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Glycinin ; The IIS  globulin, glycinin, is a hexamer (Figure 3.2) composed of six 
subunits arranged in two identical or similar half molecules of three subunits each 
(Badley et al., 1975; Kitamura et al., 1976). There are at least seven different kinds of 
subunit each having an A-B type structure, where A and B are acidic and basic 
polypeptides respectively and are linked by a disulphide bond (Staswick ei al., 1984).
View from X
X
View from Y
Y
4-
î
75 Â 
1
I IOÂ
Figure 3.2 Schematic diagram of the 1 IS soya protein hexamer (Badley et al., 1975)
The acidic and basic polypeptides have isoelectric points of 4.5-5.4 and 8.0-8.5, and 
relative molecular masses of 37,000-45,000 and approximately 22,000 Da, respectively 
(Catsimpoolas et a l, 1971; Kitamura et a i, 1976). Glycinin subunits can be separated 
into two distinct groups (Table 3.4).
T a b l e  3.4 T he s u b u n i t s  o f  g l y c i n i n  (YAAïAUCHiETÆ., 1991)
Group Subunit Molecular weight (Da)
I AiaB2 58,000
I AibBib 58,000
I A2Bia 58,000
II A3B4 62,000
II A5A4B3 69,000
Group I subunits are uniform in size and exhibit about 90 % sequence homology 
among the group members. The Group II subunits exhibit a similar amount of 
sequence homology and are larger than the Group I subunits. Sequence homology 
between the groups is only 60-70 %.
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The quaternary structure of glycinin is stable but can dissociate according to the 
following scheme (Wolf, 1977).
lis (AaBg) — ► 7S (2 A3B3) — ► 3S (6 AB) — > 2 S ( 6 A + 6B)
fi-Conglycinin : P-Conglycinin consists of a combination of three kinds of subunits 
called a , a ’ and p which mainly exist as a trimer (Thanh and Shibasaki, 1978) (Figure 
3.3). The a  and a ’ subunits have molecular weights of around 57,000 Da and 
isoelectric points of 4.9 and 5.2 respectively. The P subunit is somewhat smaller (Mw 
= 42,000 Da) and has an isoelectric point of between 5.7 and 6.0 (Hermansson, 1978). 
There are seven known isomers of p-conglycinin which are named Bi - Be and have 
subunit structures ppp, p p a’, ppa, P a a ’, p aa , a a a ’ and a a a .  These trimers have a 
sedimentation coefficient of 7.2 and are the major 7S fraction of soya isolate. At low 
ionic strength the protein dimerises to form a 9S double ring structure (Figure 3.3).
7S form 9S form
Figure 3.3 Schematic diagram of p-conglycinin subunit structure
3.1.2,3 Nutrition
Of all the vegetable proteins soya has the best profile for meeting amino acid 
requirements. The essential amino acid pattern of PP 500E (Table 3.5) meets or 
exceeds WHO guidelines (1985) for the energy and protein requirements of children 
and adults (Kolar, 1992). It does, however, contain a relatively low level of the amino 
acid methionine. Anti-nutritional factors such as trypsin inhibitors, anti-vitamins and 
flatulence factors are present in raw soya beans but are mainly removed in the 
manufacture of concentrates and isolates (Pomeranz, 1991).
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3.1.2.4 Colour and flavour
One of the main factors limiting the use of soya protein products is their objectionable 
‘1)eany” flavour (Wolf and Cowan 1971; Fukushima, 1994). In the manufacturing 
process of isolated soya protein, however, the protein component is separated from the 
rest of the soya bean flakes, which include carbohydrate, colour and flavour 
components. The resulting isolated soya protein has a clean flavour and a paler off- 
white colour (Kolar, 1992).
3.1.2.5 Food applications
Some of the properties which make soya isolate usefiil in food applications are listed in 
Table 3.5. Soya isolates are used in a number of food products including in infant 
formulae and food, meat analogues, whole milk replacement, confectionery and 
casserole mixes (Wolf and Cowan, 1971).
T a b l e  3 .5  A pplications of isolated soya  protein (Welsby , 1 9 9 2 )
Applications Properties
Instant,
blended products
Dispersibility, 
solubility, bland flavour 
mineral compatibility
Liquid, ready to serve 
drinks
Heat stability, 
émulsification
Meat products Gel formation, water 
binding, texture, meat 
protein compatible
Frozen deserts Freeze-thaw stability
Baked products Water absorption
It is particularly usefiil as a dairy food replacement for vegetarians and in the diet of 
people who have lactose intolerance (Kolar, 1992). Soya isolate is often processed 
further by its extrusion to produce texturised chunks or granules for use as meat 
replacers or extenders (Morris, 1982).
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3.1.3 A Background to Whey Protein Isolate
3.1.3.1 Manufacture
Whey proteins can be defined in general terms as those proteins remaining soluble at 
pH 4.6 and 20 °C after casein removal from skim milk or whole milk (Bottomley et al.,
1990). There are two main whey sources; sweet whey - in which the casein fraction of 
milk is removed by the action of the enzyme rennet; and acid whey - in which the 
casein is precipitated by the direct addition or the generation of acid in situ. Bipro 
whey protein isolate is made fi*om acid whey by a complex process of ultrafiltration 
and ion exchange.
3.1.3.2 Composition
The major proteins in bovine whey are listed in Table 3.6 along with some of their 
properties.
T a b le  3.6 p rox im ate com p osition  o f  b ov in e w h ey  ( B o t to m le y  etal . 1990)
Protein Molecular 
weight (Da)
Isoelectric
point
Approximate 
percen tage  of 
total whey 
protein
P-Lactoglobulin 18 363 5.2 50
a-Lactalbumin 14 175 4.2-45 12
Immunoglobulins (1.61-10) xl05 5.5-83 10
Bovine serum albumin 66 267 5.13 5
Proteose-peptones, 4 100-40 800 3.3-3.7 23
minor proteins and
caseins
Bipro whey isolate contains 93 - 95 % protein (Zhu and Damodaran, 1994), less than 1 
% lactose and contains trace amounts of fat. The calcium, potassium and sodium 
content of Bipro - 0.18 %, 0.15 % and 0.35 % respectively - is also low (quoted by 
Fernandes, P., at the Wrexham Conference 1995 - Gums and Stabilisers in the Food 
Industry). The P-lactoglobulin:a-lactalbumin ratio is higher (4.9:1) than that generally
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quoted for bovine whey (4.2:1) since some a-lactalbumin is lost in one of the steps in 
its production.
p-Lactoglobulin : This major protein of whey is the most extensively characterised
and best described of all food proteins (McKenzie, 1967; Kinsella and Whitehead,
1989; Phillips et a l, 1994). In contrast to the soya proteins, this globular protein is
composed of 162 amino acids in a single polypeptide chain (Creamer et a l,  1983), the
amino acid composition of which is given in Table 3 .7. The amino acid sequence is
given in Figure 3.4.
T a b l e  3 .7  The amino acid COMPOSITION of o< -lactalbumin and  b-lactoglobulin
(Kinsella AND Whitehead, 19 8 9 )
Amino acid a-Lactalbum in P-Lactoglobulin
Alanine 3 14
Arginine 1 3
Aspartic acid 21 16
Cysteine 8 5
Glutamic acid 13 25
Glycine 6 3
Histidine 3 2
Isoleucine 8 10
Leucine 13 22
Lysine 12 15
Methionine 1 4
Phenylalanine 4 4
Proline 2 8
Serine 7 7
Threonine 7 8
Tryptophan 4 2
Tyrosine 4 4
Valine 6 10
* Essential amino acids
Its structure consists of an anti-parallel p-sheet of nine strands around a flattened core 
of an eight-stranded anti-parallel p-barrel (Sawyer et a l,  1985). The protein exists as 
a 36.7 kD dimer in solutions above its isoelectric point of 5.2 because of the
electrostatic interactions between Asp and Glu of one monomer with 
corresponding lysyl residues of another monomer (Creamer et a l,  1983).
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Figure 3.4 The amino acid sequence of P-lactoglobulin B. The residues marked w th an asterisk vaiy^  
from species to species with the genetic variant (from Creamer et al., 1983)
Below pH 3.5 and above pH 7.5 the dimer dissociates into a slightly expanded 
monomer, and between pH 3.5 and 5.2 the dimer polymerises to a 147 kD octomer 
(Morr and Ha, 1993). P-Lactoglobulin exists in at least five different genetic variants 
(Eigel et al., 1984). The two most common variants, known as A and B, differ at 
positions 63 and 118, where an aspartic acid and a valine in the A variant are 
substituted by a glycine and an alanine in the B variant.
p-Lactoglobulin has two disulphide bridges and a single free thiol group at amino acid 
121 giving the potential for inter- and intra-molecular S-S interchange during pH or 
heat treatment (Papiz et a i,  1986).
a-Lactalbumin ; This is a compact globular protein and has 123 amino acids and 4 
disulphide bonds (Vanaman et a i,  1970). The secondary structure is reported to be 26 
% a-helix, 14 % P-pleated sheet and it is 60 % unordered (Robbins and Holmes, 
1970). Its amino acid composition is given in Table 3.7 and the amino acid sequence is 
shown in Figure 3.5.
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a-Lactalbumin avidly binds calcium which may stabilise the molecule against 
irreversible thermal dénaturation (Hiraoka and Sugai, 1984). The removal of bound 
calcium ions by acid treatment facilitates the thermal aggregation of the protein (Bernal 
and Jelen, 1984).
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Figure 3.5 The amino acid sequence of bovine a-lactalbumin, including the four disulphide bridges
(from Vanaman et al., 1970)
The protein was initially thought to be very stable between pH 5.4 and 9.0 but it was 
noted that outside this range conformational changes occurred at ambient temperature 
without causing irreversible aggregation (Shukla, 1973). a-Lactalbumin has since 
been found to form gels at pH 7.0 when heated at 90 °C for 30 minutes (Howell and 
Li-Chan, 1995).
Bovine serum albumin (ESA) : Bovine serum albumin of whey is identical to blood 
serum albumin. BSA is easily obtained in pure crystalline form and its structure.
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physicochemical and functional properties have been extremely well studied over the 
years {e.g. Joly, 1965; Kinsella, 1976; Peters and Reed, 1977; Hegg, 1982; Howell and 
Lawrie, 1984). Its amino acid sequence consists of 582 amino acid residues in a single 
chain with a molecular weight of 66,267 Da (Brown, 1975). Its tertiary structure is 
stabilised by 17 disulphide bonds, but there is only one free sulphydryl group at 
position 34. BSA is a classic globular protein which is essentially monomeric, 
although dimers and higher polymers can occur in small quantities. The polypeptide 
chain comprises of three major domains each consisting of two large double loops and 
a small double loop, with the overall shape as a 3:1 ellipsoid (Brown, 1977).
Immunoglobulins : The immunoglobulins present in whey are primarily of class IgG, 
IgM and IgA (Whitney et al., 1976). IgG is the principle type in bovine milk and 
comprises of about 80 % of the total content of immunoglobulins. All classes of 
immunoglobulins exist as either polymers or monomers of a basic unit which is 
composed of four polypeptide chains linked covalently by disulphide bridges. The 
monomeric form consists of two identical light polypeptide chains (approximately
20,000 Da) and two identical heavy polypeptide chains (50,000 to 70,000 Da, 
depending on their class). These large globular proteins are easily denatured by heat 
but their role in the gelation of whole whey protein will not emerge until further 
systematic work has been done on fractionated whey proteins.
3.1.3.3 Food applications
Although whey protein isolates are used extensively in food product applications solely 
because of their high nutritional quality, they are gaining acceptance as functional food 
ingredients. They are especially useful in those applications that require a heat- 
coagulating, heat-gelling protein such as restructured meat and bakery products (Morr 
and Ha, 1993).
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3.1.4 A Background to Soluble Wheat Protein (Amylum)
3. L 4.1 Cereal proteins
Cereal proteins are traditionally classified according to their solubility, a system first 
presented by Osborne in 1907 (Figure 3 .6). The storage proteins of wheat - glutenin 
and gliadin - are unique among cereal proteins in their ability to form a strong cohesive 
dough that will retain gas and produce light-baked products. These proteins are 
collectively termed ‘gluten’ and can be easily isolated by removing the starch and 
albumens/globulins by gently working a dough under a small stream of water.
Extracted in: Water
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Dilute salt
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AlbuminTI I Globulins I Prolamins
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Figure 3.6 The major functional wheat proteins
Gluten ; To explain, at least in part, the uniqueness of the proteins in wheat it is 
necessary to study their amino acid composition (Table 3 .8). Wheat gluten contains an 
unusually large amount of glutamine (35 %). In other words, one in every three amino 
acids in gluten proteins is glutamine. In wheat gluten most glutamic acid is found as its 
amide (glutamine) not as the free acid. However, in soluble wheat protein the gluten 
has undergone a deamidation process (Section 3.4.1.2) which converts the glutamine
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to its acid. The next most abundant amino acid in gluten is proline (14 %) which 
occurs as a ring, therefore the chain is not free to rotate at this position. In effect the 
protein chain has a built-in kink at each proline residue. This prevents this protein 
forming the type of three-dimensional structure that is typical for many others 
(Bernardin, 1975). The third notable point about gluten’s amino acid sequence is that 
it contains relatively low levels of all of the basic amino acids and of those containing 
sulphur.
Table  3 .8  A mino acid composition (mol/10^ g) of gluten, gliadin and  glutenin proteins
(Hoseney and  Rogers, 1990)
Amino acid Gluten Gliadin Glutenin
Alanine 30 25 34
Arginine 20 15 20
Aspartic acid 22 20 23
Cysteine 14 10 10
Glutamic acid 290 317 278
Glycine 47 25 78
Histidine 15 15 13
Isoleucine 33 37 28
Leucine 59 62 57
Lysine 9 5 13
Methionine 12 12 12
Phenylalanine 32 38 27
Proline 137 148 114
Serine 40 38 50
Threonine 21 18 26
Tryptophan 6 5 8
Tyrosine 20 16 25
Valine 45 43 41
* Essential amino acids
Although the tertiary structure of the gluten proteins are unknown it is thought that 
gluten may have no ordered structure (Hoseney and Rogers, 1990). However, Tatham 
and Shewry (1985) suggested that gluten’s elasticity stems from a p-tum 
configuration.
Gliadim : The gliadins have been separated into some 50 different proteins. The 
number and proportions of these gliadins which are present is used as a ‘fingerprint’ to
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identify wheat cultivais. Gliadin proteins are rather small single-chain proteins and 
little is known about their secondary and tertiary structure. When isolated they are 
very sticky, and are apparently responsible for the cohesive, viscous property of gluten.
Glutenins ; The glutenin proteins are much larger than the gliadins. There is currently 
no definite method of separating individual glutenin proteins and so their molecular 
weight is quoted as an average of > 100,000 Da (Ewart, 1987). Glutenin proteins are 
multi-chained and appear to be mainly polymerised by disulphide bonds (Ewart, 1979) 
possibly with a small degree of cross-linking (Graveland et al., 1985). The elastic 
properties of gluten are attributable to the glutenins
3.1.4.2 Deamidation o f gluten
Soluble wheat protein is manufactured by non-enzymatic acid deamidation of wheat 
gluten
Deamidation methods ; Deamidation of proteins is defined as the removal of ammonia 
by the hydrolysis of amide groups (Hamada, 1994). Therefore, the amino acids which 
will be affected are those with amide groups, CONR2 , i.e. glutamine and asparagine 
(in which the R-group is H). The mechanism for deamidation of amino acids is given 
in Figure 3.7.
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Figure 3.7 Deamidation of the amino acids glutamine and asparagine
There are two main methods of deamidation - enzymatic and non-enzymatic. The 
former is generally considered to be more specific with a greater reaction rate and only 
requires mild reaction conditions (Hamada, 1994). The enzymes most commonly used 
are transglutaminase, protease and peptidoglutaminase.
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The soluble wheat protein used in the present study was non-enzymatically deamidated 
gluten. Non-enzymatic deamidation can be achieved by a treatment with either a mild 
acid or a mild alkali at an elevated temperature. Alkali deamidation usually occurs at a 
much faster rate but it is not an attractive method to the food processor because some 
amino acid racemeisation and other undesirable reactions are likely to occur (Hamada, 
1994). Deamidation of food proteins has been undertaken for many years using mild 
acid treatment and gluten has been deamidated by this method (Finley, 1975; Wu et al., 
1976).
Effects o f deamidation o f gluten ; Deamidation generally improves the solubility and 
the emulsifying properties of proteins by imparting additional negative charges that 
decreases the isoelectric point of the protein (Hamada, 1994). Gluten has a 
considerable number of amino acids containing amide groups which are convertible 
into acidic groups by deamidation (Table 3 .8). Accordingly, the functionality of gluten 
is significantly enhanced by deamidation. Finley (1975) observed an increased 
solubility of non-enzymatically deamidated gluten in fruit based beverages. Other 
workers have reported an enhancement of the émulsification and foaming properties 
(Wu et al., 1976), as well as the physicochemical, and the baking properties (Ma et al., 
1986) of deamidated gluten.
3.1.5 A Background to the Salt-Soluble Meat Proteins
3.1.5.1 Composition
Meat is defined as the flesh of animals used as food (Lawrie, 1991) which includes 
musculature and organs such as the liver and kidney, brain, and other edible tissue.
Since muscle structure is complex and is covered by several books and reviews (Stryer, 
1988; Ganong, 1985; Ashgar and Pearson, 1979) only a brief description of the 
relevant information on its structure and properties is given here.
Muscles are composed of an external covering of connective tissue which binds 
together the bundles of muscle fibres. Each muscle fibre is a multi-nucleate cell 
bounded by a plasma membrane called the sarcolemma. A muscle cell contains many
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parallel myofibrils, each about 1 mm in diameter. These myofibrils consist of thick 
myosin-containing filaments and thin actin containing filaments which slide along each 
other and cause muscle contraction. The myofibrils are immersed in the sarcoplasm 
(or cytosol) of the cell which contains many enzymatically active proteins.
Muscle proteins can be broadly divided into the sarcoplasmic proteins which are 
soluble in water or dilute salt solutions, the myofibrillar proteins which are soluble in 
concentrated salt solutions and connective tissue proteins which are insoluble in the 
latter, at least at low temperatures (Table 3.9).
Muscle structure is disrupted by salts and mixing during the manufacture of processed 
meats. The salt-solubilisation process produces a variety of protein aggregates ranging 
from unassociated individual sarcoplasmic and myofibrillar proteins to intact 
myofibrils. The salt-soluble myofibrillar fraction is largely responsible for the gelation 
and émulsification properties of comminuted meat products (Acton et a l,  1976, 
Asghar, et al., 1983). Myosin and actinomyosin are the principle myofibrillar proteins 
in pre-rigor and post-rigor meat respectively.
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Table  3.9 Chemical composition of a  typical adult mammalian muscle after rigor mortis 
BUT before DEGRADATIVE CHANGES POST MORTEM (LAWRIE, 1991)
C om ponents Wet % weight
1. WATER 75
2. PROTEIN 19
(a) Myofibrillar 11.5
myosin 5.5
actin 2.5
coimectin 0.9
N2 line protein 0.3
tropomyosins 0.6
troponins, C I and T 0.6
a , (3 and y actinins 0.5
myomesin (M-line protein) and C-proteins 0.2
desmin, filamin, F- and 1-proteins etc. 0.4
(b) Sarcoplasmic 5.5
glyceraldehyde phosphate dehydrogenase 1.2
aldolase 0.6
creatine kinase 0.5
other glycolytic enzymes 2.2
myoglobin 0.2
haemoglobin and other unspecified extracellular proteins 0.6
3. LIPID 2.5
neutral lipid, phospholipids, fatty acids, fat-soluble 2.5
substances
4. CARBOHYDRATE 1.2
lactic acid 0.90
glucose-6-phosphate 0.15
glycogen 0.10
glucose, traces of other glycolytic intermediates 0.05
5. MISCELLANEOUS SOLUBLE NON-PROTEIN SUBSTANCES 2.3
(a) Nitrogenous 1.65
creatinine 0.55
inosine monophosphate 0.30
di- and tri-phosphopyridine nucleotides 0.10
amino acids 0.35
camosine, anserine 0.35
(b) Inorganic 0.65
total soluble phosphorus 0.20
potassium 0.35
sodium 0.05
magnesium 0.02
calcium, zinc, trace metals 0.03
6. VITAMINS
various fat- and water-soluble vitamins, quantitatively
minute
Chapter 3 Characterisation of the Selected Proteins 78
Myosin ; The principle protein in skeletal muscle, myosin, is a relatively large (MW ~
500,000 Da), rod-shaped molecule (Harrington and Rodgers, 1984) (Figure 3.8). The 
two heavy chains of myosin are intertwined to form a long rod-like tail at one end of 
the molecule. At the other end each chain forms a compact globular head. This 
endows myosin with properties of both globular and fibrous proteins.
MYOSIN ~ 140 nm, MW 500,000
LMM ~85 nm 
MW 150,000
C-PROTEIN
HMM 
►4
S-2 60,000 : S-ls 120,000
MYOSIN HEAVY 
CHAINS
TRYPSIN-SENSmVE
REGION
PAPAIN-SENSmVE
REGION
MYOSIN ESSENTIAL 
LIGHT CHAIN
MYOSIN-DTNB LIGHT CHAIN
Figure 3.8 A schematic representation of a myosin molecule (Asghar and Pearson, 1979)
The myosin filament can be split into two parts by tryptic digestion; one known as 
heavy meromyosin (HMM) and the other known as light meromyosin (LMM). The 
split occurs in a portion of the myosin molecule which is non-helical and sensitive to 
tryptic digestion (Woods et al, 1963). The LMM fraction has a molecular weight of
150.000 Da and is composed of a coil of a-helices approximately 156 nm long (Elliott 
and Offer, 1978). Each globular head is about 70 Â in diameter with a 45 % a-helical 
content. The treatment of HMM with papain causes it to split into subunits (Figure 
3.8), namely, two HMM S-1 fragments - the anterior active globular portions, and one 
HMM S-2 - the posterior helical region (Mueller and Perry, 1962). The two HMM S- 
1 fragments consist of part of the myosin heavy chain with a molecular weight of
200.000 Da, and two light chains, namely the DTNB-light chain (MW 25,000 Da) and 
the ‘essential’ or alkali-light chain. The alkali-light chain has two variants, Al (MW
18.000 Da), and A2 (MW 16,000 Da) and a myosin molecule can have either two 
identical essential light chains or one of each variant. Between them the DTNB and 
essential light chains possess both the ability to bind and split ATP and to form cross­
bridges that interact with actin filaments in muscle contraction. Other proteins 
associated with myosin in the thick filaments of muscle myofibrils are the M-protein
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(MW 160,000 Da) and the C-protein (MW 135,000-140,000 Da). About 17 % of the 
amino acid residues in myosin are basic, 18 % are acidic, and 38 % have polar side 
groups (Asghar and Pearson, 1979).
Actin ; The second major protein of muscle, actin, exists both as a globular protein 
(G-actin, MW 47,000 Da), or a fibre (F-actin) formed by longitudinal polymerisation 
of the globular form. Two strands of F-actin are spirally coiled around one another to 
form a right-handed superhelix of the thin filament (Cohen, 1975). Associated with 
actin in the thin filaments are;
(i) tropomyosin (MW 68,000 Da), an a-helix consisting of a-tropomyosin (MW
34.000 Da) and P-tropomyosin (MW 36,000 Da);
(ii) the troponins I (MW 21,000 Da), C (MW 18,000 Da) and T (MW 37,000 Da)
- all globular proteins which exist as a complex; and
(iii)the globular proteins a  (MW 102,000 Da), y (MW 35,000 Da), and P (MW
71.000 Da) actinin, the last of which consists of two unidentical chains p i 
(MW 37,000 Da) and p2 (MW 34,000 Da).
Actinomyosin ; Under physiological conditions the association between actin and 
myosin is reversible, but in post-rigor muscle the decreased pH and ATP concentration 
favour the associated state. The majority of meat used in processing is post-rigor; 
therefore, actomyosin, rather than myosin, is the predominant myofibrillar protein. 
Troponin and tropomyosin are naturally associated with actin in the thin filament and 
these proteins do not separate from the actinomyosin in post-rigor tissue (Asghar and 
Pearson, 1979).
3.1.5.2 Food applications
Meat has occupied a unique position in the human diet since prehistoric times. The 
major benefit of meat is its ability to efficiently provide all of man’s essential amino 
acid requirement. Wheat protein has comparatively low levels of lysine, and soya 
protein is deficient in methionine. This means, for example, that that amount of wheat 
protein which provides just an adequate lysine level will provide wasteful levels of the 
other amino acids. The applications of meat in the food industry are widespread
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because of its nutritional superiority and its other functional properties. Among the 
latter is its ability to emulsify fat, a property which is particularly useful in the 
preparation of sausages and meat patties. Since salt-soluble meat proteins form heat- 
set gels at low concentrations and emulsify fats, they are often used to form the stable 
matrix in meat products. This matrix often contains fats and non-meat proteins 
(Dabrowski e ta l,  1991).
3.2 Protein Isolation and Stability Studies 
3.2.1. Isolation of Glycinin and ^-Conglycinin
Due to the highly denatured composition of the soya isolate PP 500E the native soya 
globulins were also studied. Glycinin and P-conglycinin were not available 
commercially and were therefore prepared in the laboratory as described in the 
following section.
3.2.1.1 Hydroxylapitate chromatography
The main methods of isolation of storage proteins from soya involve isoelectric 
precipitation of the globulins followed by chromatographic procedures (Wolf and Sly, 
1965; Fisher et a l ,  1976; Satyanarayana et a l,  1981; Cole, 1993). This was, 
therefore, the first method attempted here for the production of IIS  and 7S isolates.
Method ; Column chromatography on hydroxylapitate was performed according to the 
method of Wolf and Sly (1965) outlined in Section 2.7.2. Samples for loading onto 
the column (1 cm x 15 cm) were prepared by a modified method of Lambert et a l,  
(1987) (Section 2.7.1). The absorbance of the eluent fractions was read at 280 nm 
(Section 2.1.1) to detect the presence of any protein and the IIS  protein fraction was 
located by ELISA (Section 2.8). The chromatography procedure was scaled-up onto a 
5 cm X 15 cm column and a step-wise elution profile was attempted as described in 
Section 2.7.2. In order to achieve step-wise elution it was necessary to estimate the 
molarity of chromatography buffer at which the 11S protein eluted (Figure 3.10).
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Results : The chromatograph of protein elution from the 1 cm x 15 cm column was 
recorded (Figure 3.9) and the 1 IS globulin peak identified by ELISA (Table 3.10). Its 
purity could not be assessed as the amount of protein fraction collected was not 
sufficient to be detectable on an electrophoresis gel.
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Figure 3.9 Elution profile of the hydroxylapitate chromatography of the IlS-rich fraction from soya
isolate PP 500E
TABLE 3.10 The detection of the l i s  PROTEIN PEAK ELUENT FRACTION BY ELISA
Anti-11S
Fractions from the elution 
shown in Figure 3.9*
Controls used in ELISA *
antibody
dilution A B
Peak no. 
C D E Sample
Sample
and
block*
Anti - 
IIS*
1:4000 0.008 0.012 0.873 0.675 0.119 0.008 0.058 -
1:8000 0.008 0.009 0.725 0.551 0.077 0.012 0.013 -
1:1600 0.008 0.011 0.513 0.387 0.049 0.010 0.014 -
0 - - - - - - - 0.011
* As described in Section 2.8
The scale-up onto the larger column also produced three peaks by gradient elution 
(Figure 3.10). However, step-wise elution was unsuccessful because most of the 
protein was eluted at molarities below that which had been calculated to be the 
minimum molarity for any protein elution, i.e. 0.2 M (Figure 3.11).
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Figure 3.10 Scale-up of the chromatography of the 1 IS-rich fraction from soya isolate PP 500E
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Figure 3.11 Step-wise elution chromatography of the 1 IS-rich fraction from soya isolate PP 500E
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This could have been because the protein was not able to bind to the column at lower 
phosphate buffer ionic strengths when the calcium binding sites would still have been 
available. Immediately swamping the column with a high molarity phosphate buffer 
clearly affected the interactions between the proteins and the column.
Conclusions : Although this method was promising as a means of producing a pure 
l i s  protein fraction only very small amounts of 1 IS globulin could be produced. It 
was not possible to assess the exact purity of the fractions because so little was 
collected that it could not be detected on an electrophoresis gel even after 
concentration of the sample. Step-wise elution was also unsuccessfiil due to the 
unusual nature of hydroxylapatite-protein interactions (Section 2.7). It was therefore 
decided to attempt to purify the protein by selective ionic solubility techniques.
3.2.1,2 Selective ionic solubility
Method ; There are several recorded methods for the extraction of IIS  and 7S 
globulins by selective ionic solubility. Two recent methods by Koyama et al., 1992 
(Method 1), and Nagano et al., 1992 (Method 2), were selected for investigation 
(Section 2.5.1 and Section 2.5.2).
In each case defatted soya flour was first prepared from the soya bean by cracking, 
dehulling and grinding the bean to a flour. This flour was defatted in hexane at room 
temperature overnight to produce defatted soya flour (40 % yield).
Attempts were made to isolate the 11S protein from both the native soya bean and 
fi'om the soya isolate PP 500E, by both Methods 1 and 2 (Section 2.5.1 and Section 
2.5.2). Method 1 was also used to isolate P-conglycinin, the 7S protein, from the 
native soya bean (Section 2.5.1).
In an attempt to achieve greater purity of the 1 IS protein, the defatted soya flour (1 g), 
was Soxhlet extracted with 50 ml of hexane for 1 hour before the extraction of the 1 IS 
protein by Method 1. Scale-up of this modified method was attempted to obtain 
sufficient 1 IS for rheological analysis.
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The purity of the US and 78 fractions obtained were assessed by gel electrophoresis 
and densitometry of the resultant gel.
Results and discussion :
(i) Method 1 (Koyama et al, 1992)
An l i s  protein-rich fraction was successfiilly separated (Plate 3.1, lane 5) by a final 
centrifiigation step of Method 1 (Section 2.5.1) and the 7S protein was concentrated in 
the remaining supernatant. The US protein isolated was contaminated mainly by 
trypsin inhibitors (8,000-18,000 Da) and a 27,000 Da protein. Using densitometry the 
purity of the US protein-rich fraction was found to be 72 %.
Isolation of the US proteins from the soya isolate PP 500E was not satisfactory when 
compared with its isolation from the native soya bean. The supernatant and pellet from 
the second centrifugation contained identical amounts of 7S and US proteins. This 
may have been due to the fact that the proteins were denatured and aggregated in the 
production of the soya isolate (Chronakis et al., 1994) and therefore behaved 
differently to the native proteins.
Using Soxhlet defatted soya flour a 10 % yield of US pellet was extracted which was 
less contaminated by the 27,000 Da protein and trypsin inhibitors (8,000-18,000 Da) 
and was shown, by densitometry, to have a purity of > 90 % US (Plate 3.2, lane 10). 
The scale-up of this method did not decrease this yield or purity significantly.
The increased purity achieved by Soxhlet extraction may have been due to the fact that 
11S protein is considerably more heat stable than the other protein fractions present in 
the soya bean which, when denatured, would have been removed by centrifugation 
(Kere^a/., 1990).
Densitometric scanning of the SDS-PAGE electrophoresis gel showed that the 7S 
fraction isolated by Method 1 was 87 % pure.
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K e y :
Lane 1: moleular weight markers - 180,000; 116,000; 84,000; 58,000;
48,500 and 36,500 Da
Lane 2: whole soya bean 
Lane 3; initial pellet discarded 
Lane 4: globulin rich fraction 
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Lane 6 : soya isolate PP 500E 
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isolation of 118 from the native soya bean
isolation of 118 from soya isolate PP 500E
Plate 3.1 The analysis of the proteins isolated from soya isolate and soya bean according to Kohyama
et a i, 1992 (Metliod 1) by using SDS-PAGE (5-20 % gradient gel)
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Lane 1 : whole soya bean
Lane 2 : pellet discarded after mesh filtration
Lane 3 : pellet discarded after first centiifugatiou
Lane 4 : globulin-rich supernatant
Lane 5 : supernatant discarded after cold-precipitation
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Lane 8  : globulin-rich supernatant
Lane 9 : supernatant discarded after cold-precipitation
Lane 10 : 11 S-rich fraction
isolation of 1 1 S from the soya bean
isolation of 1 1 S from soxhlet 
defatted soya beau
Plate 3.2 The analysis of the proteins isolated from soya isolate and soya bean according to a
modification of Kohyama et al., 1992 (Method 1) by using SDS-PAGE (5-20 % gradient gel)
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(ii) Method 2 (Nagano et ai, 1992)
The l i s  protein isolated from soya beans by the method of Nagano et al., (1992) was 
shown by electrophoresis to be contaminated by trypsin inhibitors (8,000-18,000 Da) 
and a 27,000 Da protein. The latter could be either lipoxygenase or the sulphur rich 
protein (SRP) described by Sathe (1991) as the main protein to co-purify with soya 
bean glycinin (Plate 3.3). Densitometry showed that the overall purity of the isolated 
11 S-rich fraction was 64 %.
Conclusions ; It was not possible to extract IIS  protein from the soya isolate PP 
500E by selective ionic solubility because processing conditions had denatured the 
proteins in the isolate. The IIS  protein fraction isolated from soya beans by the 
method of Koyama et a l, (1992) was of a higher purity o f l l S  (72 %) than that 
isolated by the method of Nagano et a l, (1992) (64 %).
The modified method of Koyama et al., (1992) yielded an 11 S-protein rich fraction (> 
90 % pure) and a 7S-protein rich fraction (87 % pure) isolated from Soxhlet extracted 
soya bean flour. Therefore, the modified method of Koyama et a l, was here used to 
isolate glycinin for further work.
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Plate 3.3 The analysis of the proteins isolated from soya isolate and soya bean according to Nagano et
al., 1992 (Method 2) by using SDS-PAGE (5-20 % gradient gel)
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3.2.2 Isolation of Salt-Soluble Meat Proteins
Method : The salt-soluble meat proteins were prepared by the homogenisation at 4 °C 
of a stewing steak and salt solution (5 % NaCl, 0.02 M NaHCOa, pH 7.6) at a 1:5 
ratio. The material insoluble in this solution was removed by centrifugation (14,000 g, 
10 min, 4 °C) and discarded.
The water-soluble proteins and the proteins only soluble in salt and not in water were 
also analysed to enable an accurate prediction of the protein composition of the whole 
salt-soluble fraction. These further fractions were isolated by first homogenising, at 4 
°C, a 1:5 ratio of stewing steak to water. The soluble fraction contained the water 
soluble proteins. The insoluble fraction, removed by centrifugation (14,000 g, 10 min, 
4 °C), was further extracted in a salt solution (5 % NaCl, 0.02 M NaHCOs, pH 7.6) at 
a 1:5 ratio. In this case the soluble fraction contained those proteins soluble in salt 
solution but not in water. Any insoluble material was removed by a second identical 
centrifugation step. Both of the soluble fractions were concentrated by filtration using 
a PM-10 Diaflo ultrafiltration membrane (AMICON).
Results : The salt-soluble fraction contained 31 % (w/w) protein (by the Kjehldahl 
method. Section 2.1.2). The proteins present in the soluble fractions were identified by 
PAG-electrophoresis (Plate 3.4).
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Plate 3.4 SDS PAGE separation of those meat proteins soluble in salt but not water (Lane 1), water- 
soluble meat proteins (Lane 2), and whole salt-soluble meat protein fraction (Lane 3)
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3.3 Stability Studies
3.3.1 Stability of Salt-Soluble Meat Proteins
Method ; Salt- and water- soluble meat proteins were subjected to a variety of storage 
conditions to assess their stability. These included storage at 4 °C, -20 °C and freeze- 
drying. The effect of long term storage at -20 °C was also assessed. The differences 
in the resultant protein solutions was determined by electrophoresis (Section 2.2) and 
densitometric analysis of the stained protein bands (Section 2.3).
Results : Analysis of the PAG-electrophoresis gel (Plate 3.5) showed that the myosin 
heavy chain protein band was not seen when the salt-soluble meat proteins were freeze 
dried or exposed to long term freezing (Lanes 5 and 4 respectively). Using 
densitometric scanning of the gel peak areas of the high molecular weight bands 
generally appeared to reduce whilst those of low molecular weight bands increased.
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Figure 3.12 Comparison of the peak areas calculated from separated protein bands on an PAG- 
electrophoresis gel (Plate 3.5) of meat proteins stored under various conditions
The results suggested that long-term freezing or freeze-drying caused protein 
degradation and therefore caused a reduction of the intact myosin protein heavy chain
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bands as well as LMM tail electrophoresis bands, accompanied by an increase in 
unknown lower molecular weight break down products (Figure 3.12).
Conclusions : The myofibrillar proteins are easily denatured and the salt-soluble
proteins should be prepared immediately prior to each experiment. Although milder 
storage treatments affected the proteins less than harsher treatments, there were in all 
cases, differences noted in the post-storage electrophoretic pattern.
3.4 Physicochemical Characterisation
3.4.1 Physicochemical Characterisation of Soya Isolate PP 500E
3.4.1.1 Solubility
Method : Soya isolate PP 500E was hydrated in distilled water and the layer formation 
due to low solubility was noted. The effects of protein concentration, pH and 
sonication on soya isolate PP 500E solubility was assessed by the analysis of the effects 
of these parameters on the formation of layers. The percentage protein in each layer 
was determined by Kjehldahl analysis (Section 2.1.2) and the position of the 118 
protein in the separated system was assessed by non-competitive ELISA (Section 2.8).
Results ; Increasing the concentration of soya isolate PP 500E from 2 to 10 % led to a 
decrease in solubility and the formation of three layers, a precipitate, which fell to the 
bottom of the beaker; a ‘foam’ of aggregated protein and entrapped air at the top; and 
a soluble fraction residing between the two (Figure 3.13a). The percentage protein in 
the top, middle and bottom layers of a 7 % soya isolate solution (pH 7) was found, by 
Kjehdahl analysis (N x 6.25), to be 7.2 %, 1.0 % and 6.6 % respectively. On hydration 
the pH of soya isolate PP 500E solutions increased with increasing protein 
concentration. When the pH of the solutions was adjusted to pH 7.0 layer formation 
was noted at a lower soya isolate concentration (Figure 3.13b). Soya isolate PP 500E 
was more soluble at high pH (7.0 - 9.0) than at low pH (5.0-7.0) (Figure 3.13c).
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Sonication of a 7 % soya isolate solution (pH 7.0) resulted in a visible decrease in the 
insoluble layer formation. The resultant sample appeared similar to those of the 7 % 
soya isolate solutions at pH 8.0 and 9.0 in Figure 3.13c.
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Figure 3.13 Solubility of soya isolate PP 500E 
Effect of protein concentration with no pH adjustment (a) at pH 7.0 (b), and the effect of pH (c)
It was shown by ELISA (Table 3.11) that most of the 1 IS protein resided in the top 
aggregated protein layer.
Conclusion ; The isoelectric points of 1 IS and 7S are 6.4 and 5.4 respectively. Thus, 
at pH values in this range the proteins were least soluble (Figure 3.13c). Increasing the 
pH increased the negative charge on the proteins and therefore increased their 
solubility. The 1 IS component of soya was seen to be most prevalent in the top layer
Chapter 3 Characterisation of the Selected Proteins 94
of the separated fractions. Demixing of soya isolate PP 500E at high protein 
concentration (7-10 % protein) was therefore likely to be caused by the isoelectric 
precipitation of the proteins. Improved solubility could be achieved by sonication 
which breaks down the aggregated proteins and by raising the pH to well above the 
isoelectric point of the proteins.
T a b le  3 .11  T h e  E L ISA  o f  t h e  l a y e r s  f o r m e d  o n  d is p e r s io n  o f  7  %  s o y a  p r o t e in  iso l a t e  in
DISTILLED WATER, PH 7.0
A nti-IIS
dilution
Layer Sam ple values Sam ple
control
Sam ple and 
block control
1:100 1:200
Top 0.771 0.455
1:4,000 Middle 0.588 0.332 0.025 0.011
Bottom 0.563 0.412
Top 0.607 0.292
1:8,000 Middle 0.518 0.277 0.014 0.010
Bottom 0.441 0.252
Top 0.457 0.210
1:16,000 Middle 0.332 0.189 0.013 0.010
Bottom 0.309 0.164
0 Top 0.074 0.030 - -
3.4.1.2 Protein content
Method ; The percentage protein in soya isolate PP 500E was determined by Kjehldahl 
analysis (Section 2.1.2) and the protein composition established by electrophoresis 
(Section 2.2).
Results : The protein content was found to be 91.1 % (N x 6.25). Electrophoresis 
showed 12 major bands (Plate 3.6) which could be assigned as shown in Table 3.12. 
From the results obtained the main proteins present in soya isolate PP 500E were 
found to be the IIS  and 7S globulins and these accounted for 71.8 % and 11.8 % of 
the total protein respectively. These figures were in agreement with those published in
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the literature (Table 3.2). The remaining protein (16.4 %) was mainly the sulphur-rich 
protein (SRP), which associates with the IIS  globulin by disulphide bonds and 
therefore co-purifies with it (Sathe, 1991). The 1 IS and 7S protein content of the 
defatted bean flour (produced as described in Section 3.2.1) was 63.2 % and 23.1 % 
respectively. The sulphur-rich protein only accounted for 10.8 % of the protein in the 
native bean extract. Thus in the processing of the soya isolate PP 500E the proportion 
of 1 IS in the isolate was enhanced which resulted in an increase in the SRP fraction 
present.
Baud no. Molecular weight (Da) 
82,000
74.000
68.000
58,000
bands assigned in Table 3.12
52.000
43.000
37.000
9
10 
1 1  
12
28.500
25.000
22.000
18.500
16.500
Plate 3.6 Characterisation of soya isolate PP 500E by SDS-PAGE 5-20 % gradient gel
Conclusions ; The protein content and composition of the batch of soya isolate PP 
500E used for this work were found to be in agreement with those quoted in the 
literature. This would suggest this commercial isolate has limited batch variation and 
therefore that the work done on this isolate should be comparable with that in any 
current literature on soya isolate PP 500E.
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T a b l e  3.12 A s s ig n m e n t  o f  p r o t e in  b a n d s  o f  s o y a  is o l a t e  P P  500E s e p a r a t e d  b y  s d s - p a g e
Band
No.
M olecular weight 
(according to
A ssignm ent (MW) literature % Peak area  by 
densitom etry
(Plate
3.6)
electrophoretic
mobility)
Soya 
Isolate 
PP 500E
Soya
bean
1 82,000 Unknown 1.27 4.04
2 74,000 ai-Subunit of 7S globulin (57 - 
72,000) '
4.61 5.58
3 68,000 a-Subunit of 7S globulin (57 - 
68,000) "
1.45 1.99
4 58,000 A-B Subunit of 11S globulin 
(58,000)
1.67 2.11
5 52,000 P-Subunit of 7S globulin (42- 
52,000) '
5.72 6.40
6 43,000 As Polypeptide of 1 IS globulin 
(45,000)’’
3.76 4.12
7 37,000 Acidic polypeptides of I IS 
globulin (37,000) '
21.36 27.04
8 28,500 Sulphur rich protein (SRP) (28- 
29,000) '*
8.23 8.54
9 25,000 Bs Polypeptide of 1 IS globulin 
(25,000) ’’
9.89 9.08
10 22,000 Basic polypeptides of 11S globulin 
(22,000) '
29.33 28.87
II 18,500 SRP (17-18,000) ■* 6.90 2.24
12 16,500 As Polypeptide of 11S globulin 
(16,500) '*
5.81 5.07
® Yamauclii et al., 1991, Staswick et at., 1981; " Catsimpoolas et al., 1971; Sathe, 1991 
3.4.1.3 Differential scanning calorimetry (DSC)
Method ; During the preparation of commercial soya isolates a varying amount of 
dénaturation occurs (Arrese, et a l, 1991). It was therefore necessary to characterise 
soya isolate PP 500E by DSC (Section 2.9).
Results ; The DSC thermogram showed a broad endothermie peak across the whole 
temperature range which was scanned (Figure 3.14). This trace completely covered 
the distinct peaks of 7S and 1 IS globulins which would be expected to be seen at 76
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and 91 °C respectively. This is characteristic of the behaviour of soya protein isolates 
which are considerably denatured (Hermansson, 1986a).
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Figure 3.14 DSC thermogram of 10 % (w/w) soya isolate PP 500E in distilled water, pH 7.0
Conclusions ; Soya Isolate PP 500E was shown to have been extensively denatured 
during processing.
3.4.1.4 Hydrophobicity measurement
Method ; The hydrophobicity of soya isolate PP 500E was determined by the method 
of Kato and Nakai (1980) (Section 2.4). Both surface and exposed hydrophobicity of 
the isolate was assessed.
Results : The relative surface hydrophobicity of soya isolate PP 5COE was found to be 
1677 and the relative exposed hydrophobicity was 1000.
Conclusions ; The results showed that on heating soya isolate PP 500E to expose 
hydrophobic groups the hydrophobicity value decreased a finding which was contrary 
to expectations. This was possibly due to the fact that the isolate was already 
considerably denatured (Section 3 .4.1.3), and at the low concentrations required for 
this experiment there would not be significant protein aggregation in the unheated 
sample. Therefore, most of the hydrophobic groups would already have been exposed
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prior to heat treatment. On heating, the kinetic energy given to the molecules favoured 
interaction between them and thus previously exposed groups were hidden. On heating 
native proteins any reduction of hydrophobicity due to protein interaction is 
outweighed by the dénaturation of the proteins and the exposure of hydrophobic 
residues which were previously hidden in the protein core.
3.4.2 Physicochemical Characterisation of Bipro Whey Protein Isolate
Since the literature for Bipro whey isolate is extensive, limited characterisation was 
required. Thus, the protein content was checked by Kjeldahl analysis, hydrophobicity 
of the isolate was determined, and the composition of the isolate was analysed by 
electrophoresis.
3.4.2.1 Protein content
Method ; The protein content of the isolate was assessed by Kjehldahl analysis 
(Section 2.1.2).
Results ; Bipro whey isolate was found to contain 93.9 % protein which is in line with 
literature values quoted as 93-95 % for whey protein isolates (Bottomley et al., 1990; 
Zhu and Damadoran, 1994).
3.4.2.2 Hydrophobicity measurement
Method : The relative surface and exposed hydrophobicity of the proteins in whey was 
determined according to the method given in Section 2.4.
Results ; The surface hydrophobicity of P-lactoglobulin was considerably higher than 
that of a-lactalbumin (Table 3.13) but only slightly higher than that of BSA. Since p- 
lactoglobulin accounted for approximately 70 % of Bipro whey isolate and BSA for 
only ~ 4 %, the value for the surface hydrophobicity of Bipro whey isolate could be 
mainly attributed to that of P-lactoglobulin.
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The exposed hydrophobicity of all four proteins studied was significantly higher than 
the surface hydrophobicity due to the exposure of buried hydrophobic amino acids. 
The relatively small increase in hydrophobicity of a-lactalbumin on heating was 
probably due to the fairly heat stable nature of this protein (Baer et al., 1976).
T a b le  3 .13  h y d r o p h o b ic it y  v a l u e s  o f  B ipr o  W h e y  p r o t e in  Is o l a t e , a-LACTALSUMiN a n d
P-LACTOGLOBULIN
Protein Relative
surface
hydrophobicity
Relative
ex posed
hydrophobicity
Whey 1441 2526
P-Lactoglobulin 2748 4629
a-Lactalbumin 48 73
BSA 2325 4267
Hines and Foegeding (1993) found that p-lactoglobulin and BSA interacted to form 
stronger gels than those of the individual proteins. The similarity of the relative 
surface hydrophobicity of the individual proteins (Table 3.13) supported this finding 
since interactions are most likely to occur when two proteins have a similar affinity for 
the solvent in which they are hydrated (Section 1.6.2).
3.4.2.3 Polyacrylamide gel electrophoresis (PAGE)
Method : Protein composition of Bipro whey isolate was determined by gel
electrophoresis (Section 2.2) and the subsequent densitometric scanning of the 
resultant gel (Section 2.3). Pure commercially obtained samples of the proteins which 
were expected to be present, i.e. a-lactalbumin (Sigma), P-lactoglobulin (Sigma), and 
bovine serum albumin (Sigma), were run in parallel.
Results : SDS-Polyacrylamide gel electrophoresis showed that Bipro whey isolate 
contains the proteins a-lactalbumin, P-lactoglobulin and BSA (Plate 3.7). Peak areas 
taken from densitometry of the gel are given in Table 3.14 along with those quoted in 
the literature.
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Plate 3.7 Characterisation of a-lactalbuinin (Lane 1), P-iactoglobulin (Lane 2 ) , Bipro whey isolate 
(Lane 3) and BSA (Lane 4) by SDS-PAGE 5-20 % gradient gel
Table  3.14 A  comparison between the observed composition of B ipro whey protein isolate
AND reported LITERATLTRE WVLUES
Protein fraction % of Total protein
Experimental results for Literature values Literature values for
BSA 3.8 5 8.6
P-Lactoglobulin 69.5 50 70
a-Lactalbumin 13.6 12 14.3
Other proteins 13.1 33 6.9
® Bottomly et a/., 1990; Morr andHa, 1993
The amount of a-lactalbumin and p-lactoglobulin in Bipro whey isolate was higher 
than that in whole bovine whey because of a reduction in the amounts of the 
immunoglobulins, proteose-peptones and other minor proteins present in the isolate. 
The ratio of p-lactoglobulin to a-lactalbumin in Bipro whey isolate (5.1:1) was higher 
than that in whey itself (4.2:1) and that found in Bipro whey isolate by Morr and Ha 
(1993). The amount of BSA in the batch of Bipro whey isolate analysed in the present 
study was significantly lower than that quoted for Bipro whey isolate by Morr and Ha
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(1993). This could have a marked affect on the functionality of the isolate since P- 
lactoglobulin is believed to interact with BSA during the gelling process (Hines and 
Foegeding, 1993) (Section 4.1.1).
3.4.2.4 DSC analysis
Method ; DSC analysis of Bipro whey isolate was carried out according to the method 
given in Section 2.9.
Results : There were no conformational transitions observed on the DSC trace of 
Bipro whey isolate.
Conclusions : It was concluded that the isolate had been denatured during processing.
3.4.3 Physicochemical Characterisation of Soluble Wheat Protein
Due to the extremely high molecular weight of the proteins in soluble wheat protein, 
characterisation by SDS-PAGE electrophoresis was not possible. Characterisation was 
therefore limited to a determination of the protein content, hydrophobicity and 
dénaturation temperature.
3.4.3.1 Protein content
Method : The protein content of soluble wheat protein was assessed by Kjehldahl 
analysis (Section 2.1.2).
Results : Soluble wheat protein was found to contain 76.7 % protein which was
considerably lower than that in the soya and whey protein isolates studied here which 
were respectively 91.1 % and 93.9 % protein (Sections 3.4.1.2 and 3.4.2.1).
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3.4.3.2 Hydrophobicity measurement
Method ; The method used to determine the relative surface and exposed 
hydrophobicity of the soluble wheat protein is described in Section 2 .4.
Results ; The hydrophobicity of soluble wheat protein was found to increase 
considerably after heating to 60 °C from a relative surface hydrophobicity of 5,000 to a 
relative exposed hydrophobicity of 22,000. Both of these values were markedly higher 
than those shown by the soya or whey protein isolates studied. This phenomenon was 
shown by Friedli and Howell (1995) to be due to the breakdown of soluble wheat 
protein aggregates during heating.
3.4.3.3 DSC analysis
Method : The DSC methodology is outlined in Section 2.9.
Results : The protein did not indicate conformational transitions by DSC analysis. 
This was as expected since the DSC of native wheat gluten does not show any 
reasonable dénaturation peak (Hoseney and Rogers, 1990). This perhaps indicates that 
gluten protein have a random structure which therefore cannot become disordered on 
heating.
3.4.4 Physicochemical Characterisation of Salt-Soluble Meat Proteins
The protein content of the salt-soluble meat proteins was already discussed in Section 
3.2.2.
3.4.4.1 Hydrophobicity measurement
Method : The relative hydrophobicity of freshly prepared salt-soluble meat protein was 
measured according to the method outlined in Section 2.4.
Results ; The relative surface hydrophobicity of the salt-soluble meat proteins was 758 
and the relative exposed hydrophobicity was 1607.
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Conclusions : The relative surface and exposed hydrophobicity of salt-soluble meat 
proteins was lower than that of Bipro whey isolate, P-lactoglobulin or BSA (Table 
3.13), and also lower than that of soya isolate PP 500E (Section 3.4.1.4).
The exposed hydrophobicity was more than double that of the surface hydrophobicity. 
This was in line with the increased values seen for the whey proteins (Table 3.13) and 
is indicative of the unfolding of the protein structure and exposure of previously hidden 
hydrophobic residues.
3.4.4.2 DSC analysis
Method ; Freshly prepared salt-soluble meat protein was analysed by DSC. The DSC 
methodology is outlined in Section 2.9.
Results : DSC thermogram showed two main endothermie peaks at around 50 °C and 
62 °C (Figure 3.15). The main dénaturation transitions of actomyosin all fall within 
this temperature range (Table 6.1).
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Figure 3.15 DSC thermogram of 10 % (w/w) salt-soluble meat protein in distilled water, pH 7.0
Conclusion : The freshly prepared salt-soluble meat proteins behaved similarly to 
native actomyosin.
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3.5 Conclusions
Glycinin and p-conglycinin were successfully isolated from the native soya bean. 
However, the isolation of the globulins from soya isolate PP 500E was not successfiil. 
This was thought to be because the proteins in the isolate had been denatured during 
processing.
Salt-soluble meat proteins were successfully prepared but they were not stable. It was 
found that samples of salt-soluble meat proteins should be prepared immediately prior 
to any experimental work on this fraction.
In general the commercial isolates had a similar composition to that given in the 
literature (where available). Bipro whey isolate was the exception and it differed from 
the composition given for this isolate in the literature in a way which could potentially 
affect its functional properties.
On heating, none of the commercial isolates showed conformational transitions by 
DSC analysis. This was generally considered to because they had been denatured 
during processing.
Rheological Analysis of Soya 
and Whey Protein Mixed Gels
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4.1 Introduction
Combinations of soya and whey protein isolates have previously been studied with a 
view to the development of yellow fat spreads, yogurts, nutritious beverages, coffee 
creamers and mixed toppings (Chronakis and Kasapis, 1993; Schmidt and Morris, 
1984; Shirai et a l ,  1992a and b; Patil et al., 1984; Kolar et al., 1979). However, there 
has been no extensive work undertaken on the effect of heat on mixtures of soya and 
whey protein isolates.
Since soya and whey protein isolates are commercially processed their rheological 
behaviour on heating may not conform with models produced for the gelation of native 
proteins. Batch variation can also be attributed to processing conditions. For these 
reasons, and in order to study the structure - function relationships of the proteins, 
rheological characterisation of the individual protein isolates was undertaken. The 
properties of soya and whey protein isolates could then be compared with those of the 
mixed soya isolate - whey isolate system.
The native 11S globulin from the soya bean and native P-lactoglobulin from whey were 
also studied, both in isolation and in combination, in order to compare the behaviour of 
the commercial protein isolates with that of their major protein constituents in their 
native state.
4.1.1 A Background to the Rheological Properties of Soya Proteins '
The soya bean proteins, glycinin and P-conglycinin (1 IS and 7S globulins 
respectively), are primarily responsible for the^  fact that soya isolates .are able to form 
heat-set gels (Arrese, 1991). The two protgins have different, gel and gelation 
properties (Saio and Watanabe, 1978).
Glycinin : The 11S globulin of soya - glycinin, has a complex quaternary structure 
(Section 3.1.2.2) which is irreversibly disrupted on heating (Figure 4.1) (Catsimpoolas 
and Meyer, 1970). In a standard buffered system, with the pH close to the isoelectric 
point of the basic polypeptide (8.0-8.5), interaction between the exposed
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Figure 4.1 A schematic model of the behaviour of glycinin on heating at low and high protein 
concentrations. # ,  basic polypeptide, O  acidic polypeptide (Yamauchi et al., 1991)
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basic polypeptides is favoured (Figure 4.1b). Acidic polypeptides are released because 
of the interchange between sulphydryl and disulphide residues during disulphide bond 
formation between basic subunits (Figure 4.1c). These disulphide bonds are believed 
to stabilise the resultant basic polypeptide-rich soluble aggregates (Figure 4. Id) which, 
at low protein concentrations, grow increasingly large and precipitate out of solution 
(Figure 4. le and f) (Mori et a l,  1981; Peng et a l,  1984; Nakamura et a l,  1985). The 
free acidic polypeptides remain in solution and associate with each other by disulphide 
bonds (Figure 4. If). At high protein concentrations there is an increased incorporation 
of acidic polypeptides into the soluble aggregates which in turn polymerise into strands 
(Figure 4.1g) and, on further heating, form a gel network (Nakamura et a l,  1984; 
Mori e ta l ,  1986b).
The formation of the soluble aggregates described by German et a l,  (1982) required 
heating to temperatures above the dénaturation temperature of glycinin which was 
found, by DSC, to be 92 °C. However, Nakamura et a l,  (1985) reported that 
temperatures of around 80 °C were sufficient for the formation of the gel network. 
Increased heating time and temperature caused increased gel hardness due to 
disulphide bonds, hydrophobic interactions and hydrogen bonds (Mori et a l,  1986a) 
and the formation of a more extended and integral matrix (Ker et a l,  1993). On the 
other hand, glycinin became increasingly resistant to thermal dénaturation with 
increasing ionic strength (Koshiyama et a l, 1981; Iwabuchi and Shibasaki, 1981; 
Danilenko e/a/., 1985).
P-Conglycinin : The heat dénaturation behaviour of P-conglycinin is less well-defined 
when compared with that of glycinin. However, like glycinin, heat caused the 
dissociation of 78 into its subunits (Yamauchi et a l, 1991). Further heating caused the 
aggregation of these subunits into soluble aggregates. On continued heating these 
aggregates assembled into strands which, if there was a sufficient concentration of 
protein, associated to form a gel network (Yamauchi et a l,  1991). The a , a ’ and p 
subunits of the 78 globulin participated uniformly in gel matrix formation (Utsumi and 
Kinsella, 1985). The formation of gel networks of 78 required a lower protein 
concentration and a lower temperature (77 °C) than that for glycinin (Peng et a l.
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1984; German et al., 1982). Exceeding this temperature, however, resulted in a 
reduction in the strength of the gel produced (Nagano et al., 1992). p-Conglycinin 
tofu gels were weaker and had a lower water-holding capacity than those formed from 
glycinin (Saio and Watanabe, 1978).
Increasing salt concentration resulted in a decrease in the solubility of the P- 
conglycinin due to the promotion of aggregation (Iwabuchi and Shibasaki, 1981). This 
is consistent with the general consideration that salts favouring protein-protein 
interactions increase aggregation but decrease dénaturation (Joly, 1965).
Heat induced interactions between 7S and U S  : The gelling properties of a mixture of 
glycinin and P-conglycinin were reported to be better than those of either of the 
constituent protein fractions (Babajimopoulos et al., 1983). This was primarily 
attributed to the molecular associations between the basic 1 IS polypeptides and the p -  
subunits of 7S which formed a complex and precipitated out of solution when the 
protein concentration was below that required for gelation (German et a l,  1982; 
Utsumi et a l,  1984). The acidic IIS  polypeptides, and the a  and a ’ subunits of 7S, 
remained in solution and associated by disulphide bonding at protein concentrations 
necessary for gelation (Yamagishi et a l, 1983).
The extent of the interactions was affected by the relative proportions of the 11S and 
78 globulins which in turn affected the properties of the resultant gel (Nakamura et a l, 
1986b; Kang e ta l ,  1991).
Soya protein PP 500E isolate gelation : As expected, increasing concentrations of 
soya isolate had exponentially increasing viscosities (Circle et a l, 1964). On heating 
the isolate thickened and further heating induced gel formation. However, excessive 
heating caused the network to collapse (Furakawa et a l,  1979).
The main factors affecting the gelation properties of soya isolates, other than protein 
concentration, are the degree of dénaturation and the calcium content (Morr, 1990; 
Wagner et a l, 1992). A high degree of dénaturation decreases the solubility and 
gelation capacity of the isolate (Arrese et a l,  1991). The latter was probably due to a 
decrease in the amount of complexation between the 118 basic polypeptide and the 78
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P-subunit. There was less precipitation of these complexes when extensively 
denatured isolate samples were heated below the gelling concentration when compared 
with isolates which were less denatured. (Arrese et a l,  1991). Soya isolate PP 500E 
was reported to be extensively denatured in processing due to thermal and reducing 
treatments (Wagner et a l,  1992) (Section 3.1.2.1).
Soya isolate PP 500E has a high calcium content (0.2 %) which induced a positive 
charge on the protein through calcium binding (Wagner et a l,  1992; European Food 
Directory, 1989). Up to a point the calcium may destabilise proteins because of the 
mutually repulsive forces, but at high calcium levels the masking of net charge 
repulsions becomes the dominant force and aggregate formation is accelerated.
4.1.2 A Background to the Rheological Properties of Whey Proteins
Bipro whey isolate is a mixture of several globular proteins (Section 3.1.3.2). When 
heated above 65 °C whey proteins denature and aggregate. Whey protein gelation is 
mainly governed by its primary constituent - P-lactoglobulin (Hines and Foegeding, 
1993).
P-lactoglobulin ; Native p-lactoglobulin (N) usually exists as a dimer (Ni) at room 
temperature (20 °C) and at neutral pH-values, i.e. between pH 5.5 and 7.5 (Figure
4.2). For dénaturation to occur the protein must be in its monomeric form (McKenzie 
and Sawyer, 1967). A dynamic equilibrium exists between the dimer and monomer 
which is shifted in favour of the monomer when the temperature is raised above 30 °C 
(McKenzie and Sawyer, 1967).
Dissociation also occurred at high or low pH values due to the increasing electrical 
charge and a subsequent electrostatic repulsion (McKenzie and Sawyer, 1967). Once 
in its monomeric form, between pH 6 and 9, p-lactoglobulin was able to undergo a 
reversible transition (N H  R) which involved the release of buried carboxyl groups, an 
increase in activity of a free sulphydryl group, and a change in the environment of a 
tyrosine residue (Tanford et a l ,  1959). This conformational change increased with 
increasing temperature and was maximal at near neutral pH.
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Figure 4.2 Mechanism of dénaturation of p-lactoglobulin (Muivihill and Donovan, 1987).
Key : N = native p-lactoglobulin, R = reversible conformational change,
D = reversibly denatured and A = aggregated
Further heating induced the unfolding of the P-lactoglobulin monomer, the classic 
dénaturation step r H  D, which occurred at around 65 °C (Dupont, 1965). While this 
was shown as a reversible step recent work has shown that the protein does not 
completely renature after dénaturation (Hattori et al., 1993). The heat dénaturation of 
P-lactoglobulin is pH dependant, due mainly to the electrostatic repulsive forces and 
thiol group activity. The extent of p-lactoglobulin dénaturation at around 65 °C 
decreased with increasing pH due to thiol-disulphide reactions which restricted 
complete unfolding (de Wit and Klarenbeek, 1981). To denature the residual structure 
the protein must be heated to about 130 °C (de Wit, 1981; Casal et al., 1988). p- 
Lactoglobulin is least susceptible to dénaturation at around its isoelectric point (pH
5.2) where the net charge is low. At pH values above and below this, the temperature 
at which it denatures is reduced. Salts appear to stabilise the unfolded conformation of 
p-lactoglobulin (Li et al., 1994).
In the denatured conformation P-lactoglobulin is prone to further interactions which 
occur at temperatures above 65 °C through a series of irreversible associations (Griffin 
et a i,  1993). Initially intermolecularly disulphide bonded tetramer aggregates (Ai, 
3.7S) were formed in what is known as Type I aggregation (McKenzie, 1971). There 
is conflict in the literature with regard to the conditions required for these tetramers to 
aggregate fiirther (An, 29S) by a Type II aggregation process which is ‘non-specific’ 
without disulphide bonds. Initially it was suggested that this reaction could only occur 
on subsequent cooling below 65 °C (Briggs and Hull, 1945; Sawyer, 1968), but later 
reports found the reaction to increase with increasing temperature (Sawyer et al..
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1971, Elfagm and Wheelock, 1978). Conflicts may have resulted where different 
methods were used to measure the dénaturation temperature.
Aggregation was favoured in the isoelectric pH region where the molecules carry a net 
neutral charge, and so electrostatic repulsion was low, and sulphydryl oxidation or 
sulphydryl - disulphide interchange reactions were also starting to take place 
(Watanabe and Klostermeyer, 1976). Thus, the pH conditions which favour 
dénaturation, that is at pH values above or below the isoelectric region, have the 
opposite affect on aggregation which was favoured within the isoelectric region. 
Although salts do not affect dénaturation greatly the aggregation of p-lactoglobulin is 
dependant on the presence of ions. This is a concentration and pH dependant process 
because ions reduced the charge on the protein and caused isoelectric precipitation 
(Zittle etal., 1957; Xiong, 1992; Zhu and Damodaran, 1994). The effects of different 
ions have been studied and it was clear that Ca^  ^ ions had a greater effect on heat 
aggregation than did Na"^  or Mg^^ ions because of the pH dependant association of P- 
lactoglobulin with calcium (Varunsatian et al., 1983; Patocka and Jelen, 1991; 
Jeyaraj ah and Allen, 1994).
When heated above a minimum concentration of around 5.0 % (w/w) P-lactoglobulin 
formed a gel network (Matsudomi et al., 1991). Factors which affected dénaturation 
and aggregation affected gelation in similar ways. Gels formed around the isoelectric 
point of p-lactoglobulin (pH 5.5-6.5) were stronger than the more rubbery gels formed 
above that pH or the brittle gels formed at a lower pH (Stading and Hermansson, 
1991). Salts reduced the temperature of gelation but in excess they caused the 
network to collapse (Foegeding et al., 1992; Harwalker and Kalab, 1985). Calcium 
salts were more effective promoters of gelation than sodium salts. The former caused 
gels to be more deformable and particulate, while the latter induced the formation of 
softer, fine-stranded gels which were more prone to syneresis (Foegeding et al., 1992; 
Muivihill and Kinsella, 1988; Li etal., 1994).
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Bipro whey isolate : Although the gelation of whey protein isolates is primarily
governed by P-lactoglobulin, both BSA and a-lactalbumin also contribute to the 
process. The rheology of whey protein isolate gels is therefore affected by the ratios 
of the constituent proteins. In combination BSA and P-lactoglobulin produced gels of 
strengths greater than those of the individual proteins (Hines and Foegeding, 1993). 
These proteins are believed to aggregate due to the initiation of sulphydryl-disulphide 
interchange and oxidation/reduction reactions during heat treatment (de Wit, 1981). 
Interactions between a-lactalbumin and P-lactoglobulin depend on the extent of 
dénaturation of a-lactalbumin since this is widely believed to be the most heat stable 
protein of whey (de Wit, 1981; Morr and Ha, 1993). Increased concentration 
decreased the gelation temperature (Hsieh etal., 1993).
Salts decreased the dénaturation temperature and gelling time and altered the 
rheological properties of whey protein isolate gels (Xiong, 1992; Tang et al., 1993). 
Monovalent salts induced transparent gels of low shear stress and high shear strain to 
form, while in the presence of divalent salts whey protein isolate gels were opaque and 
had both low shear stress and strain (Kuhn and Foegeding, 1991).
Whey protein isolate gels were strongest and formed at lower temperatures around the 
isoelectric point of the whey proteins (pH 4-6) due to enhanced sulphydryl - disulphide 
interchange at low pH (Monahan et al., 1995; Xiong, 1992; Tang et al., 1993). 
Decreasing the pH below this range resulted in non-elastic gels because of hydrogen 
bond involvement, and increasing the pH decreased the gel firmness as a result of a 
decrease in the total number of disulphide bonds (Shimada and Cheftel, 1988).
Dénaturation of whey proteins during processing impaired the functional properties, of 
the protein such as solubility, emulsifying, foaming and thermosetting properties and 
this limits the range of food uses for denatured whey protein products (Muivihill and 
Donovan, 1987; Morr and Ha, 1993).
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4.1.3 Mixed Soya Protein Isolate and Whey Protein Systems
There are several potential economic advantages in the partial replacement of milk 
proteins with plant proteins in dairy food systems (Jonas, 1975). This is a nutritionally 
favourable combination since methionine is the limiting amino acid of soya proteins and 
the whey proteins are rich in sulphur amino acids (Tables 3.3 and 3.7). A combination 
of the two proteins could therefore yield a mixture of exceptional nutritional value 
(Lefaivre et a l,  1972). Applications for the mixed soya-whey protein system include 
nutritious beverages (Patil et a l, 1994), yogurts (Schmidt and Bates, 1976; Kanda et 
al, 1976; Lee et a l ,  1990; Shirai et a l,  1992a and b), coffee creamers and whipped 
toppings (Kolar et a l,  1979) and yellow fat spreads (Chronakis and Kasapis, 1993).
There are problems associated with the beany flavour of soya proteins. However, 
more recent technologies have introduced soya protein isolates with reduced flavour 
and colour problems.
Most current literature deals with sensory analysis of whole products containing a 
mixture of soya and whey isolates (Shirai et a l,  1992a) and only recently has there 
been any detailed analysis of this protein combination. Chronakis and Kasapis, (1993) 
studied the rheological properties of mixed soya-whey gels using a fixed amount of 
whey protein (10 % w/w) with a range of soya protein concentrations (6-16 % w/w) 
above the gelling requirement of the soya protein isolate. Melting profiles were 
studied and by comparing those of the mixed protein systems with those of the 
individual proteins a phase inversion, from a whey isolate continuous system to a soya 
isolate continuous system, was seen at a soya protein concentration of ~ 11 % w/w 
{i.e. a ratio of approximately 1:1 soya:whey).
Dispersions of soya and whey have also been studied in some detail by Roefs et a l,
(1994). The stability of the mixed protein dispersion was seen mainly to be improved 
by raising the pH and the temperature and for the soya-whey dispersion the heat 
stability was, in fact, better than that of skimmed or concentrated milk. While sodium 
salts had little effect on the dispersion stability, calcium salts had a detrimental effect. 
Using both soya isolate PP 500E and Promine D, phase separation studies by Howell
(1995) also indicated that these isolates were incompatible with whey protein isolates
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except when small amounts of whey protein isolate were added. However, detailed 
rheological analyses were not undertaken.
Since heat processing is a prerequisite to the formation of most dairy products, 
including both yogurts and yellow fat spreads, there, is a clear need for a more detailed 
study of the behaviour of the soya-whey mixtures on the application of heat.
4.2 Materials and Methods
A background to rheological theory is discussed in Section 1.5.4.4 and a description of 
the methodology used here to obtain the following results is outlined in Section 2.10.
Initially the rheology of the soya isolate PP 500E, the native IIS  globulin of soya, 
Bipro whey isolate and p-lactoglobulin were studied. The temperature profile was 
studied and mechanical spectra were used to analyse any network structure formed 
during the heating-cooling regime (Section 2.10.1.2). The elasticity of the gel 
networks formed was assessed by creep analysis. Large deformation testing (Section 
2.10.1.1) was used, where appropriate, and the results from this were compared with 
the small deformation rheological data.
Similar studies were carried out on a range of mixtures of soya isolate PP 500E with 
Bipro whey isolate and of the 11S globulin of soya with P-lactoglobulin. The ranges 
of solutions contained different ratios of the isolates or native proteins but the overall 
protein concentration of the mixtures was kept constant in each case.
4.3 Results and Discussion /
4.3.1 Rheological Analysis of Soya Proteins 
4.3, L 1 Soya protein isolate PP 500E
Gel formation : Prior to heating, a 17 % (w/w) solution of soya isolate PP 500E had a 
storage modulus (G’~160 Pa) greater than the loss modulus (G” ~39.5) (Figure 4.3). 
This would suggest that there were already cross-links between the proteins present 
before any heating of the system. Since the proteins were already denatured by
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commercial processing of the isolate (Section 3.4.1.3) it is possible that they would 
already be associated in some way. Both the loss modulus and storage modulus were 
frequency dependant (Section 2.10.1.2) and so the structure formed could not be 
described as a gel (Figure 4.4).
On heating the storage modulus decreased between the temperature range 20 - 90 °C 
(Figure 4.3). This was probably due to a combination of the breakdown of the initial 
structure or protein aggregates which had formed at room temperature, and the 
dissociation of the subunits of the globulins (Section 4.1.1). There was a slight peak at 
around 75 °C which corresponded with the temperature of dénaturation for P- 
conglycinin. At 90 °C, when glycinin was also denatured, the G’ began to increase 
rapidly until after 1 hour at this temperature a maximum of 673 Pa was reached. The 
moduh were less frequency dependant which suggested that an increase in the stability 
of the structure had occurred (Figure 4.5). Subsequent cooling to 20 °C resulted in a 
more significant increase in storage and loss moduli than that seen on heating and both 
moduli were relatively frequency independent (Figure 4.6).
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Figure 4.3 : A temperature sweep, from 20-90 °C, of 17 % (w/w) 
soya protein isolate PP 500E in distilled water, pH 7.0
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Figure 4.6 Frequency sweep of 17 % (w/w) soya isolate PP 500E 
in distilled water, at 20 °C after heating to 90 °C (and subsequent cooling)
Therefore it was seen that heating the soya isolate resulted in an interaction between 
the constituent protein fractions and the formation of a network structure. This had a 
similar storage modulus to that which was produced on the hydration of soya isolate 
PP 500E before any heat was applied. Lowering the temperature of the heated system 
reduced its kinetic energy and caused a significant increase in the structural formation 
probably due to hydrophobic associations. At relatively high concentrations enough 
cross-links appeared to have been formed for the structure to have ‘gel-like’ 
properties, that is, the loss and storage moduli had a negligible frequency dependence.
Creep compliance testing : The creep curve of the soya isolate PP 500E gel (Figure 
4.7) initially resembled that of a Kelvin body (Figure 1.12a) with no instantaneous 
deformation.
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Figure 4.7 Creep analysis at 20 °C of 17 % (w/w) soya isolate PP 500E in distilled water gel formed
at 90 °C. Stress applied -100 Pa
After removal of the applied stress an irreversible creep component of 89 % was seen. 
This suggested that the gel was not particularly elastic and that at this protein 
concentration it was better described as a colloidal aggregate than as a viscoelastic gel 
structure.
Concentration effect ; The minimum gelling concentration (Co) of soya isolate PP 
500E was found to be between 14 and 15 % (w/w) at pH 7.0 (Figure 4.8). Increasing 
the protein concentration resulted in an increased storage modulus as more energy 
from the deformation of the material was stored elastically in the gel network. This 
implies that there were an increased number of intermolecular cross-links and that a 
more integral matrix had been formed. Above a concentration of approximately 19 % 
(w/w) soya isolate PP 500E the increase in storage modulus was less significant. This 
would suggest that above this concentration the soya isolate PP 500E was no longer 
fully soluble. Insoluble protein present would not participate in matrix formation.
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Figure 4.8 The effect of protein concentration on the storage modulus (G’) of soya isolate PP 500E in 
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Figure 4.9 A temperature sweep (20-90 °C) of 14 % (w/w) soya isolate PP 500E in distilled water
Heating soya isolate below its minimum gelling concentration (Figure 4.9) resulted in a 
reduction in storage modulus between 20 and 90 °C which was similar to the 
behaviour seen at concentrations above Co. This was thought to be due to the 
breakdown of the network structure and the aggregates which had been formed on
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hydration of the isolate (Figure 4.3). However at concentrations below Co
ymaintenance of the temperature at 90 °C for one hour did not result in any measui^le 
storage modulus (Figure 4.9). Thus the intermolecular cross-links were not far 
reaching enough to cause any significant storage of energy on deformation. /
Effect o f  calcium : Soya isolate gels (15 % w/w) made in 20 mM CaCb solution^ad a 
similar final value of storage modulus when compared with those made in distilled 
water (Figure 4.3), but on heating the profile seen was markedly different (Figure 
4.10). The initial values for both the loss and storage moduli were a decade lower than 
in the system without calcium and there was no peak at ~ 75 °C. Instead the initial fall 
in G’ and G”  due to aggregate and structural breakdown was broader. The lower 
initial values for the moduli would suggest that the solution had demixed in the 
presence of calcium. This had probably occurred because, prior to heating, the soya 
proteins were more self-aggregated in solutions with added calcium than in the 
solutions with no added calcium. This increased self-aggregation of the proteins 
resulted in a reduction of overall integrated structure observed. The increased 
aggregation was probably due to charge repulsion caused by the charges induced on 
the proteins by the presence of calcium in the solvent. The dénaturation peak of p- 
conglycinin seen at ~ 75 °C in the heating of the soya isolate PP 500E (Figure 4.3), 
may have been masked by the more marked fall in the moduli due to aggregate 
breakdown on heating. This greater fall in G’ and G’ ’ during heating may also have 
been due to the fact that less interaction was occurring between the protein functional 
groups which were exposed both on the breakdown of the protein aggregates and on 
the dénaturation of the constituent proteins.
On further heating of soya isolate PP 500E with added calcium a network formed 
which differed from the soya isolate gels with no added calcium. The creep curve 
showed an increased initial response to applied stress and an increase in the irreversible 
compliance component from 89 % for soya isolate with no added calcium (Figure 4.7) 
to 97 % for soya isolate with added calcium (Figure 4.11).
The increased irreversible creep compliance on addition of calcium implied that the 
aggregated system was less elastic than that of soya isolate PP 500E gels without
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calcium. Large deformation analysis of soya isolate gel cylinders made with 20 mM 
CaCL confirmed this finding. Gel cylinders compressed to a disk and did not return to 
their original conformation (Table 4.1). The shear modulus increased as did the 
amount of syneresis seen both on heating and compression.
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Figure 4.10 A temperature sweep (20-90 °C of 
15 % (w/w) soya isolate PP 500E in the presence 
of 20 mM calcium
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Figure 4.11 Creep analysis of 15 % (w/w) soya 
isolate PP 500E in the presence of 20 mM 
calcium. Stress applied -100 Pa
TABLE 4.1 LARGE DEFORMATION ANALYSIS OF GELS MADE AT 90 °C FROM 18 % (W/W) SOYA ISOLATE PP 
500E IN DISTILLED WATER BOTH WITH AND WITHOUT ADDED CALCIUM (20 MM)
Gel tested Shear m odulus Syneresis (SD ±)
(SD±) On heating On compression
18 % (w/w) Soya isolate 
PP 500E
5.3 (1.7) 3.1 % (0.7) 6.4% (1.3 )
18 % (w/w) Soya isolate 
PP 500E 20 mM CaCL
34.5 (3.2) 22.7 % (2.6 ) 14.5% (1.3 )
4.3.1.2 Glycinin and fi-conglycinin rich fractions
Gel formation : On heating there was an initial reduction in the loss and storage 
moduli of both glycinin and P-conglycinin (Figure 4.12).
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Figure 4.12 Comparison of the gelling behaviour of 20% (w/w) 7S and US soya bean globulin-rich
fractions in distilled water
This may have been due to the breakdown of the quaternary structure of the globulins 
prior to gel formation (Section 4.1.1). In the case of the US globulin the fall in 
storage modulus occurred at ~ 30-40 °C, whereas in the case of the 7S globulin the 
loss and storage moduli did not fall until ~ 60-70 °C, that is, just prior to gel formation. 
This would suggest that more energy was required to disrupt the quaternary structure 
of P-conglycinin than glycinin. However, the 7S-rich fraction gelled at around 75 °C 
and this was before the 11 S-rich protein fraction which gelled at approximately 85-90 
°C (Figure 4.12). These results corresponded to values reported in the literature which 
showed that the 7S globulin gelled at ~ 77 °C and glycinin at > 80 °C (Nakamura et 
at, 1985; German a/., 1982).
Both of the native US and 7S globulins formed gels on heating and subsequent 
cooling resulted only in a slight increase of the stability of the network structure. This 
contrasted with soya isolate PP 500E which formed most of its gel structure on 
subsequent cooling of the heated system. In the case of glycinin the network structure
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was formed slowly and was still ageing after one hour at 90 °C whereas in the case of 
P-conglycinin the majority of the final G’ had been attained before the temperature had 
reached 90 °C.
Creep compliance testing : Creep analysis showed that native glycinin (Figure 4.13) 
formed considerably more elastic gels than the commercial soya isolate PP 500E 
(Figure 4.7). There was a reduction to only 34 % irreversible creep compliance. The 
creep curve of glycinin was similar to that of a Burger’s body where an initial 
instantaneous deformation is followed by a constant rate of creep (Figure 1.12c).
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Figure 4.13 Creep curve of the 1 IS globulin-rich protein fraction from soya beans.
Stress applied -100 Pa
The increased elasticity of 1 IS protein when compared with soya isolate PP 500E was 
probably due to the difference in structure of the gels formed by the two systems. 
According to Koning and Visser (1992) fine-stranded gels are more elastic than those 
composed of random aggregates. The soya isolate PP 500E appeared to form less 
elastic gels which would suggest that the proteins were randomly aggregated in the 
network. In comparison glycinin formed more elastic gels which implied that they 
were fine-stranded. This aspect was researched further in Chapter 5.
Concentration effect : The minimum gelling concentration of glycinin was estimated 
to be between 14 and 15 % (w/w) (Figure 4.14).
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Figure 4.14 The effect of protein concentration on the gelation of the 
118 globulin-rich protein fraction from soya beans
This was virtually the same minimum concentration as that of the soya isolate PP 5 ODE 
but the maximum storage modulus of glycinin was considerably lower than the 
maximum storage modulus achievable for the same soya isolate (Figure 4.8). Fine- 
stranded gels are believed to have a lower storage modulus than those constructed 
from random aggregates of protein (Koning and Visser, 1992) (Section 5.5.4.5). 
Therefore these results supported the theory that the soya isolate PP 500E formed a 
random aggregated structure in contrast with the fine-stranded network of glycinin.
4.3.2 Whey Proteins
4.3.2.1 Bipro whey protein isolate
Gel formation : On heating a 15 % (w/w) solution of Bipro whey protein isolate there 
was a slight initial decrease in the loss modulus (G” ) (Figure 4.15). However, this 
decrease in G”  was not as prominent as that seen in the temperature profile of soya
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isolate PP 500E (Figure 4.3). There was no initial storage modulus (G’) and only a 
very low initial value for the loss modulus was recorded (G”  ~ 5x10'^ Pa). Thus, this 
would imply that the proteins of Bipro whey isolate were not prone to aggregation or 
interaction on hydration at room temperature.
There was an increase in the G”  of the system at around 85 °C which could be 
attributed to the dénaturation of p-lactoglobulin prior to gelation (Section 4.1.2). The 
onset of gelation was more rapid than that of the soya isolate PP 500E, and the G’-G” 
cross-over occurred after the temperature had reached 90 °C. This was probably 
because P-lactoglobulin is responsible for most of the gelling behaviour of whey isolate 
and also accounts for almost 70 % (w/w) of the protein present in the isolate (Table 
3 .14). It is a single subunit globular protein and thus has a sharp gelation transition. 
The second most abundant protein in whey isolate, a-lactalbumin (13 % w/w), is 
relatively heat stable (Shukla, 1973). In contrast, the IIS  globulin of soya, which also 
accounts for 70 % (w/w) of the protein of soya isolate PP 500E (Table 3.12), consists 
of many different subunits. All of these will denature and gel at slightly different 
temperatures and thus a more gradual sol - gel transition was evidenced.
On the subsequent cooling of the Bipro whey isolate to 20 °C the storage modulus 
continued to increase. This may have been due to the aggregation of P-lactoglobulin 
(Figure 4.2). However, a less significant proportion of the final storage modulus value 
of Bipro whey isolate gels was reached on cooling when compared with that for soya 
isolate gels. Here the increase was assumed to be due to colloidal aggregation at 
decreased temperatures.
The frequency sweep of the Bipro whey isolate gel, recorded after one hour at 90 °C, 
showed that although there was a relatively high storage modulus of -  9x10^ Pa, the 
structure was unstable and could not withstand a two decade sweep of frequency 
(Figure 4.16). After subsequent cooling, however, a more integral matrix formed 
which was less dependant on frequency (Figure 4.17). Therefore, although the 
increase in storage modulus on cooling was not dramatic, the structure had become 
significantly more stable. This was shown by the decreased frequency dependence of 
the storage modulus (Figure 4.17).
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Figure 4.15 Temperature sweep (20-90 °C) of 15 % (w/w) Bipro whey isolate in distilled water
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Figure 4.16 Frequency sweep of 15 %(w/w) 
Bipro whey isolate in distilled water, at 90 °C
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Figure 4.17 Frequency sweep of 15 % Bipro 
whey isolate in distilled water, at 20 °C (after 
heating to 90 °C)
Creep analysis : Gels formed from Bipro whey isolate responded rapidly to applied 
stress with an equilibrium deformation being reached almost instantaneously (Figure 
4.18). 5
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Figure 4.18 Creep analysis of 15 % (w/w) Bipro whey isolate gel. Stress applied - 100 Pa
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On the removal of the stress an irreversible creep compliance of only 37 % remained. 
In contrast soya isolate PP 500E was less elastic and had a irreversible creep 
compliance of 89 % (Figure 4.7).
Concentration effect ; The minimum concentration at which gelation occurred was 
estimated as 13 % (w/w) Bipro whey isolate (Figure 4.19).
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Figure 4.19 The effect of protein concentration on the storage modulus of Bipro whey protein isolate 
after heating to 90 °C, and subsequent cooling to 20 °C
This was slightly lower than that of soya isolate PP 500E which indicated that more 
cross-links occurred between the proteins of whey isolate than between those of soya 
isolate PP 500E. Therefore a lower concentration of Bipro whey isolate was necessary 
to form an equally integrated gel matrix.
Effect o f  calcium ; The addition of calcium to Bipro whey isolate caused an increase 
in the storage modulus of the hydrated system (Figure 4.20) when compared with 
Bipro whey isolate alone (Figure 4.15). On heating there was an initial fall in the 
storage modulus (G’) prior to the gelation of the isolate. The onset of gelation took 
place after a longer period at 90 °C than for Bipro whey isolate alone. The slight 
increase in G’ which was seen before gelation, which may have been due to P-
Chapter 4 Rheological Analysis of Soya and Whey Protein Mixed Gels___________________ 128
lactoglobulin dénaturation, was also at a higher temperature than that seen when Bipro 
whey isolate was heated without additional calcium. This stabilisation of the proteins 
by calcium was probably due to protein aggregation prior to heating. This would also 
explain the increased storage modulus prior to heating. The subsequent gradual 
decrease in the moduli on heating could be accounted for by the breakdown of these 
aggregates. The final storage modulus of the system was similar to that of Bipro whey 
isolate alone, although the shear modulus, as determined by compression testing, was 
several magnitudes greater (Table 4.2). This behaviour was similar to that of soya 
isolate PP 500E on addition of calcium, but the difference in the shear modulus of the 
system with and without calcium was more significant for Bipro whey isolate than it 
was for soya isolate PP 500E (Table 4.1). This could be explained by the fact that the 
Bipro whey isolate gels without added calcium were initially less aggregated than soya 
isolate PP 500E gels without added calcium. Therefore in the case of Bipro whey 
isolate the randomly aggregated structures, induced by the addition of calcium, had 
properties which were markedly different from those of the original fine-stranded 
network which was formed in the absence of calcium.
Creep analysis of the resultant whey isolate gel with calcium (Figure 4.21) showed an 
instantaneous deformation followed by a slower creep before the relatively rapid 
attainment of an equilibrium strain. The initial deformation was probably due to the 
syneresis of water trapped between the aggregated proteins. The slower creep to the 
equilibrium strain may have been caused by the gradual deformation of the network 
strands which joined the whey protein aggregates together. The rapid attainment of 
equilibrium may have occurred when the aggregates were in contact with each other 
and further deformation was no longer possible.
The irreversible creep compliance was only 14 % and this suggested that the gel 
returned almost to the same conformation as it had been before compression. The 
network strands holding the aggregates together in the gel structure were therefore 
more elastic than those of soya isolate PP 500E gels with added calcium which did not 
recover after the small deformation (Figure 4.11).
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On compression the whey isolate gel with calcium was seen to be prone to syneresis 
(Table 4.2). Gels appeared opaque when contrasted with the transparent gels formed 
without calcium. This difference in appearance has been shown to be due to an 
alteration from the more usual ‘string of beads’ network structure of whey isolate gels 
into a more randomly aggregated structure (Langton and Hermansson, 1992).
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Figure 4.20 Temperature sweep (20-90 °C) of 
15 % (w/w) Bipro whey isolate in distilled water 
with 20 mM CaCb
Figure 4.21 Creep analysis of 15 % (w/w) Bipro 
whey isolate in distilled water with 20 mM 
CaCb. Stress applied - 200 Pa
TABLE 4 .2  LARGE DEFORMATION ANALYSIS OF GELS MADE FROM 14 %  (W/W) BIPRO WHEY 
ISOLATE IN DISTILLED WATER BOTH WITH AND WITHOUT 20 MM CALCIUM AT 90 °C
Gel tes ted Shear m odulus Syneresis (SD ±)
(SD ±) On heating 
5 g sample
On
compression 
1.5 g sample
14 % (w/w) Bipro whey 
isolate
0.84 (0.15) 1.0% (0.7) 0.06% (0.1 )
14 % (w/w) Bipro whey 
isolate 20 mM CaCb
75.4 (5.22) 19.6 % (2.8 ) 22.7% (1.1 )
4.3.2.2 P-Lactoglobulin
Gel formation ; On heating a 15 % (w/w) solution of P-lactoglobulin (Figure 4.22) an 
initial peak in the G”  was seen at ~ 45 °C. This corresponded with Tanford transition 
of (3-lactoglobulin (Section 4.1.2). The onset of gelation occurred after the protein had 
been heated to 90 °C. A more concentrated (18 % w/w) solution of p-lactoglobulin
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formed a gel at a lower temperature of ~ 80 °C but the temperature of the ‘Tanford 
transition peak’ altered very little.
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Figure 4.22 Temperature sweep (20-90 °C) of 15 % (w/w) (3-lactoglobulin in distilled
water
Concentration effect : The minimum gelling concentration of p-lactoglobulin was 
estimated to be between 11 and 12 % (w/w) (Figure 4.23). This concentration was 
lower than that of Bipro whey isolate. This could have been because cross-linkage was 
favoured between two p-lactoglobulin protein molecules rather than between P- 
lactoglobulin and the other proteins present in Bipro whey isolate, or due to the 
presence of contaminants in the Bipro whey isolate such as salts and lactose.
The maximum storage modulus for p-lactoglobulin was similar to that for Bipro whey 
isolate under the same conditions (Figure 4.19). Thus, by increasing the concentration 
of whey isolate it was possible to achieve gels of a similar degree of matrix formation 
as P-lactoglobulin gels.
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Figure 4.23 Effect of protein concentration on the G’ of P-lactoglobulin gels at 90 °C 
and subsequently after cooling to 20 °C
4.3.3 Rheological Analysis of Mixed Soya and Whey Protein Systems
4.3.3,1 Soya isolate PP 500E and Bipro whey isolate mixtures
Heating profile : A 1:1 mixture of the two protein isolates with a total protein 
concentration of 18 % (w/w) had an initial value of G’ lower than that of the G” 
(Figure 4.24). On heating there was only a slight initial reduction in the moduli which 
was followed by a succession of peaks between 50 and 80 °C. The first peak could be 
attributed to the dénaturation of P-lactoglobulin and the peak prior to the onset of 
gelation was likely to be caused by the soya isolate 78 globulin fraction which gelled at 
around 75 °C (Figure 4.12). The gelation of P-lactoglobulin appeared to be the major 
determinant of the gelling temperature of the mixed system. A characteristic rapid gel 
formation occurred at temperatures between 80 and 90 °C At 90 °C an equilibrium 
was reached and subsequent cooling to 20 °C resulted in a second increase in the
Chapter 4 Rheological Analysis of Soya and Whey Protein Mixed Gels___________________ 132
Storage modulus. This was probably mainly due to the soya isolate PP 500E which 
forms most of its structure on cooling (Section 4.3 .1.1).
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Figure 4.24 Temperature sweep (20-90 °C) of a mixture of 9 % (w/w) soya isolate PP 500E and 9 %
(w/w) Bipro whey isolate in distilled water
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Figure 4.25 Frequency sweep of a mixture of 9 % Figure 4.26 Frequency' sweep of a mixture of 9 % 
(w/w) soya isolate PP 500E and 9 % (w/w) Bipro (w/w) soya isolate PP 500E and 9 % (w/w) Bipro
whey isolate in distilled water at 90 °C whey isolate in distilled water at 20 °C
It therefore appeared that on heating a Bipro whey isolate network was formed. The 
frequency sweep after 1 hour at 90 °C showed that this was a relatively unstable 
network structure (Figure 4.25). Cooling to 20 °C enabled the soya isolate to form a 
more stable aggregated system and, along with ageing of the whey isolate network.
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this stabilised the overall system as seen by the decreased frequency dependence of the 
loss and storage moduli (Figure 4.26).
Range o f  protein concentrations ; The range of ratios of soya isolate PP 500E and 
Bipro whey isolate (Figure 4.27) was studied. The proteins appeared to phase 
separate. At a 5:1 ratio of soya isolate PP 500E to Bipro whey isolate there was a 
minimum storage modulus and an apparent phase inversion. Below this ratio {i.e. less 
soya isolate PP 500E and more Bipro whey isolate) much of the structure was formed 
during the heating of the system which implied that the system was Bipro whey isolate 
continuous. Above the 5:1 ratio of soya isolate PP 500E to Bipro whey isolate the 
structure was presumed to be soya isolate PP 500E continuous (Figure 4.27).
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Figure 4.27 The storage modulus of gels made from various combinations of soya isolate PP 500E 
and Bipro whey isolate compared with the protein isolates in isolation.
The shear modulus, as determined by large deformation testing, was seen to follow a 
similar pattern to the storage modulus of the final network formed. The minimum 
shear modulus was seen to be at a ratio of 15 % (w/w) soya isolate PP 500E : 3 % 
(w/w) Bipro whey isolate (Table 4.3). The gels were also seen to lose more water
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during both heating and compression at this ratio when compared with either lower or 
higher ratios of the proteins.
TABLE 4.3 LARGE DEFORMATION ANALYSIS MIXED GELS MADE AT 90 °C FROM BIPRO WHEY ISOLATE 
(WI) AND SOYA ISOLATE PP 500E (SI), EXPRESSED AS %  (W/W) IN DISTILLED WATER
Gel tes ted S hear m odulus 
(SD±)
Syneresis (SD ±)
On heating On compression
18% SI 5.25(1.7) 3.1 % (0.9) 6.4% (1.2)
16 % SI : 2 % WI 7.53(1.4) 2.4% (0.7) 4.1 % (0.7)
1 5 % S I;3 % W I 3.45 (0.9) 5.7% (0.7) 11.7% (0.9)
10 % SI ; 8 % WI 4.61 (1.1) 4.9 % (0.8) 5.5 % (0.7)
3%  SI; 15%W I 10.12(2.0) 1.4% (0.1) 3 194(0 5)
2 % SI : 16 % WI 12.04(1.9) 0.3% (0.1) 1.6% (0.1)
18%WI 10.68(1.7) 0.1 %(0.1) 0.3% (0.1) .
£
Ü
5:1 ratio
S.I.iW.I ratio
%G' on cooling 
%G' on heating
Figure 4.28 The percentage of the total storage modulus (G’> formed on heating and cooling 
mixtures containing different ratios of soya isolate PP 500E (S.I) and Bipro whey isolate (W.I.)
A detailed analysis indicated that the replacement of 2 % (w/w) Bipro whey isolate 
with soya isolate PP 500E resulted in an increase in the storage modulus of the system 
when compared with soya isolate PP 500E or Bipro whey protein isolate gels of the
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same overall protein concentration. This was apparent at both 90 °C and after 
subsequent cooling to 20 °C This would imply that the mixed protein structure was 
more extensively cross-linked than the network of either protein alone. Further 
replacement of the Bipro whey isolate with soya isolate PP 500E caused a gradual 
decrease in the storage modulus of the network structure formed up to a minimum at a 
ratio of approximately 5; 1 soya isolate PP 500E to Bipro whey isolate.
On the other hand, replacement of 1 % (w/w) soya protein isolate PP 500E with Bipro 
whey protein isolate (i.e. 17 % (w/w) soya isolate PP 500E;1% (w/w) Bipro whey 
isolate) resulted in an overall decrease in the storage modulus of the network which 
finally formed after heating and subsequent cooling. The structural formation on 
heating, however, increased considerably.
In order to discuss these results it is necessary to consider that both native soya and 
whey proteins form gels according to the scheme;
heat heat/cool
sol progel gel
and therefore a significant amount of the gel structure formation occurs on heating. 
Soya isolate PP 500E on the other hand behaved differently (Figure 4.28). For the 
soya isolate PP 500E 93 % of the final storage modulus of the gel was reached during 
cooling, and only 7 % was reached in the initial heating regime. In sharp contrast, on 
heating the Bipro whey isolate 34 % of the final storage modulus was reached during 
heating.
The addition of small amounts of whey protein isolate to the soya isolate PP 500E did 
not result in gel formation according to the mechanism seen for the soya isolate alone. 
This would be expected since soya isolate PP 500E should form the continuous phase 
at this ratio. In fact 34 % of the gel formation occurred on heating which conforms 
with the value of 33 % seen for the whey isolate alone.
An explanation of this behaviour could be that at low Bipro whey isolate 
concentrations this isolate was concentrated into inclusions within the soya isolate 
structure. These inclusions gelled and are shown schematically in Figure 4.29b. At 
lower soya isolate PP 500E concentrations the steric exclusion of the Bipro whey
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isolate was not sufficient to cause a marked increase in the concentration of the Bipro 
whey isolate into inclusions (Figure 4.29c).
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inclusticHis
b
decreasing SI:WI 
ratio
WI reaches a concaitration at 
which it will self associate and 
form the continuous phase
decreasing SI:WI ratio 
1
Due to decrease in [SI] the 
WI is no longer concentrated 
as much as in b
decreasing SI:WI 
ratio
Phase inversion
Figure 4.29 Schematic diagram of the proposed interactions of soya isolate PP 500E (SI) and Bipro
whey protein isolate (WI)
Thus, at lower whey isolate concentrations the effective concentration of whey isolate 
in these inclusions was in fact higher than when the overall concentration of Bipro 
whey isolate was increased at the expense of the soya isolate PP 500E. The storage 
modulus of the gels formed on heating therefore decreased as the soya isolate PP 500E 
was increasingly replaced by Bipro whey isolate up to a 5:1 ratio of soya isolate PP 
500E : Bipro whey protein isolate. At a 5:1 ratio of soya isolate PP 500E : Bipro 
whey isolate, where the maximal phase separation was seen, the majority of the 
structural formation occurred on cooling. Only 12 % of the final storage modulus was 
reached after the heating regime. Thus, the system behaved as if soya isolate PP 500E
Chapter 4 Rheological Analysis of Soya and Whey Protein Mixed Gels 137
had formed the continuous network. The fact that Bipro whey isolate had appeared to 
be the continuous phase when soya isolate PP 500E was present at higher 
concentration (i.e. up to a 5:1 ratio of soya isolate PP 500E : Bipro whey isolate) was 
probably because the network formed first usually appears to exhibit a greater degree 
of continuity even if it is the minor component by weight (Ziegler and Foegeding, 
1990) and the Bipro whey isolate structure formed on heating. Bipro whey isolate 
therefore gelled first, before the majority of the soya isolate PP 500E structure had 
formed because the network structure of soya isolate PP 500E mainly formed during 
cooling.
Increasing the concentration of the Bipro whey isolate above the 5:1 ratio of soya 
isolate PP 500E to Bipro whey isolate caused the whey isolate inclusions to join up. 
Bipro whey isolate therefore became the continuous phase and the soya isolate PP 
500E was dispersed as inclusions (Figure 4.29d).
Further mialysis o f  high soya isolate : whey isolate ratio mixtures : The addition of 
very low concentrations of Bipro whey isolate to soya isolate PP 500E was analysed.
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Figure 4.30 The storage modulus, at 90 °C and subsequently at 20 °C, of soya isolate PP 500E gels in 
the presence of small amounts of Bipro whey isolate
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The addition of 0.6 % (w/w) Bipro whey isolate to 17 % (w/w) soya isolate PP 500E 
gels was not enough to show any marked difference in the storage modulus of the 
system when compared with the results for soya isolate PP 500E alone (Figure 4.30). 
However, on addition of 0.8 % (w/w) Bipro whey isolate to 16 % (w/w) soya isolate 
PP 500E the storage modulus increased. The percentage of the gel formation which 
occurred during heating was also greater than for soya isolate PP 500E alone. It was 
also seen that when 1 % (w/w) Bipro whey isolate was added to 15, 14, and 13 % 
(w/w) soya isolate PP 500E a gel network was formed (Figure 4.30). In contrast, soya 
isolate PP 500E on its own was incapable of forming a gel network at concentrations 
of 14 % (w/w) or 13 % (w/w) (Figure 4.8). This finding indicated some sort of 
synergistic interaction of the two proteins. However, the mechanism was thought to 
be due to gelled inclusions of whey isolate stabilising the system rather than an 
interpenetrating network like that seen with mixtures of blood plasma and egg albumen 
proteins (Howell and Lawrie, 1985).
Effects o f calcium ; Comparisons of the temperature profiles of 15 % (w/w) soya 
isolate PP 500E : 3 % (w/w) Bipro whey isolate {i.e. the ratio of maximum de-mixing), 
with and without the addition of 20 mM CaCE (Figure 4.31), showed that the addition 
of calcium caused the solution to undergo a consistent increase in G’ and G” on 
heating. The final values of the storage modulus were lower than those for the mixture 
without calcium.
When calcium was added to soya isolate PP 5ODE and Bipro whey isolate individually 
the proteins self-aggregated. This would explain the increased de-mixing of soya and 
whey protein isolate mixtures with added calcium which was seen by Roefs et al., 
(1994). The gels produced by the soya and whey isolates with calcium separately, had 
similar storage moduli to the equivalent systems without calcium. The mixed system, 
however, had a storage modulus lower than that of the equivalent mixed system 
without calcium. Since each system was induced to form a more random aggregated 
gel on addition of calcium, any continuity of the phase separated gel at the phase 
boundaries may have been reduced because of the increased self-association within 
each phase.
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Figure 4 31 A temperature sweep (20-90 °C) of a 
5:1 mixture of soya isolate PP 500E and Bipro 
whey isolate mixture hydrated in distilled water
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Figure 4.32 A temperature sweep (20-90 °C) of a 
5:1 mixture of soya isolate PP 500E and Bipro 
whey isolate mixture hydrated in 20 mM CaClz
4.3.S.2 Soya 1 IS  globulin and fi-lactoglobulin mixtures
Temperature profile. The temperature profile of a 1:1 ratio of the soya 11S globulin 
and P-lactoglobulin (Figure 4.33) showed an initial fall in the storage and loss moduli 
of the mixed system due to the breakdown of the quaternary structure of glycinin 
(Figure 4.1).
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Figure 4.33 Temperature sweep (20-90 °C) of a 1:1 ratio of soya 1 IS globulin: (3-lactoglobulin
mixture
A peak in the loss modulus was recorded at around 75 °C. This corresponded with a 
peak seen in the 1:1 soya isolate PP 500E : Bipro whey isolate mixture (Figure 4.24) 
but was more pronounced in the former. This added credence to the theory that this
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peak was caused by the dénaturation of p-lactoglobulin since if that were the case a 
more pronounced peak would be expected when a pure sample of p-lactoglobulin was 
used.
The gelation temperature of the mixture of glycinin and P-lactoglobulin was between 
85 and 90 °C. This was in the same range as the gelation temperatures seen for both 
proteins in isolation (Figures 4.12 and 4.22).
Effect o f  concentration. Across the range of concentrations of 11S and P- 
lactoglobulin proteins the storage moduli of the mixed gels formed were consistently 
higher than those expected if the proteins were merely coexisting in solution and 
absorbing equal amounts of the available water (Figure 4.34).
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Figure 4.34 Effect of the ratio of 1 IS and p-lactoglobulin proteins on G’ of mixtures heated to 90 °C
and subsequently cooled to 20 °C
Mixing the two proteins resulted in a roughly symmetrical plot (Figure 4.34). The 
addition of small amounts of either protein to the continuous phase of the other 
resulted in an increase in the storage modulus of the gel formed. Any further 
replacement of the continuous phase by the dispersed phase resulted in a fall in the
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Storage modulus to a minimum at the point of phase inversion. This would imply that 
in each case the dispersed phase had initially been concentrated into inclusions which 
contributed to the storage modulus of the overall gel produced. With 1 IS globulin and 
P-lactoglobulin the two proteins were both believed to gel by the same mechanism of 
sol-progel-gel (Ferry, 1948). The gelation temperatures of the two were seen to be 
similar and only one rapid increase in the storage modulus was seen when the mixed 
system was heated (Figure 4.33). The networks would therefore appear to form at 
about the same time. This would explain the symmetry of the plot where 100 % of 
each protein was taken as concentrations of equal storage moduli (Figure 4.34). The 
point when the storage modulus was minimum was actually at a higher concentration 
of l i s  protein than P-lactoglobulin. This was likely to be the point of phase inversion 
and showed that the P-lactoglobulin formed the continuous phase even when it was the 
minor component by weight. This would suggest that the p-lactoglobulin protein 
network may actually have formed before that of glycinin.
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4.4 Overall Discussion and Conclusions
4.4.1 Soya Isolate PP 500E
Soya protein isolate PP 500E formed random aggregate type gels on heating and 
subsequent cooling. On heating the isolate a progel state, proposed by Ferry (1948) to 
be an intermediate to gel formation, was not established. This finding agreed with that 
of Chronakis et a l, (1994) who postulated that the gelling mechanism for commercial 
soya protein isolate was different fi’om that of native proteins.
Soya isolate PP 500E has a high calcium content but the addition of further calcium 
caused increased aggregation of the proteins, probably due to charge repulsion 
(Wagner e/a/., 1992).
Glycinin and P-conglycinin, the main constituent proteins of soya isolate PP 500E, 
when studied in their native states, formed gels at 85-90 °C and 75-80 °C respectively. 
The gels formed were significantly more elastic than those of soya isolate PP 500E and 
were therefore assumed to be constructed from a more fine-stranded network 
structure.
On heating soya isolate PP 500E the dénaturation of p-conglycinin at 75-80 °C caused 
an increase in viscosity and the dénaturation of glycinin "at 85-90 °C marked the onset 
of gelation of the isolate.
4.4.2 Bipro Whey Isolate
Bipro whey protein isolate gelled according to the sol-progel-gel mechanism proposed 
by Ferry (1948). Approximately 40 % of the gel structure formed on heating and the 
remaining 60 % on subsequent cooling. The rheological properties of the gels formed 
were in line with those of a fine-stranded gel structure, i.e. highly elastic gels with a 
relatively high storage modulus, low fi’acture shear stress and high fracture shear strain. 
On the addition of calcium a more randomly aggregated gel structure was formed due 
to the calcium cross-linking with p-lactoglobulin (Varunsatian et a l,  1983; Patocka 
and Jelen, 1991; Jeyarajah and Allen, 1994).
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Gels formed from native samples of the main protein of Bipro whey isolate, P- 
lactoglobulin, generally behaved similarly to those of Bipro whey isolate. This agreed 
with the views of Hines and Foegeding, (1993) who concluded that whey protein 
gelation was governed mainly by p-lactoglobulin.
4.4.3 Rheological Properties of Mixed Soya and Whey Protein Isolate Systems
The mixture of soya and whey protein isolates separated into two phases. This 
phenomenon was expected since the two proteins had been shown to have markedly 
different values of exposed hydrophobicity (Sections 3.4.1.4 and 3.4.2.2) and 
according to the theories of Hsu and Praunitz (1974) interactions are most likely 
between polymers which have a similar affinity for the solvent - in this case water. Hsu 
and Praunitz (1974) also showed that theoretically interactions are most likely between 
polymers of similar molecular weight. The soya isolate proteins are typically an order 
of magnitude larger than the compact globular proteins of whey isolate. This 
difference in molecular weight of the proteins could therefore be an additional reason 
for their incompatibility.
It was found here that when small amounts of Bipro whey isolate were added to soya 
isolate PP 500E the whey isolate appeared to be sterically limited into concentrated 
inclusions. These significantly contributed to the storage modulus of the mixed 
system. The addition of small amounts of Bipro whey isolate to soya isolate PP 500E 
below the minimum gelling concentration of the soya isolate enabled a stable structure 
to be formed.
The phase inversion from a soya isolate continuous system to a whey isolate 
continuous system was at a 5:1 ratio of soya isolate PP 500E : Bipro whey protein 
isolate. This was in contrast to the findings of Chronakis and Kasapis, (1993) who 
showed that the phase inversion of soya isolate and whey isolate mixtures was at a 1:1 
ratio of the two protein isolates. This difference in opinion was probably due to the 
different methods of analysis which were used. Chronakis and Kasapis, (1993) studied 
the melting profiles of the soya and whey isolates as a distinguishing factor. Bipro
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whey isolate gels were fully reversible and soya isolate PP 500E gels did not melt-out 
within the temperature range of the experiments carried out by Chronakis and Kasapis, 
(1993). The assumption was therefore made that gels which melted on heating were 
whey isolate continuous and those which did not were soya isolate continuous.
Theoretically it is more likely that the Bipro whey isolate would form the continuous 
phase even when soya isolate PP 500E was present at higher concentration {i.e. ratios 
up to 5:1 of soya isolate PP 500E : Bipro whey isolate) since the whey isolate network 
formed first. Therefore, according to the theory of Manson and Sperling, (1979), 
Bipro whey isolate would be expected to exhibit a greater degree of continuity, even 
though it was the minor component by weight.
The addition of calcium to the mixed system caused the proteins to self-aggregate and 
therefore demix. The mixed gel formed had a lower storage modulus than that with no 
added calcium.
Mixtures of glycinin and P-lactoglobulin were also seen to phase separate. This would 
imply that the phase separation of the soya and whey protein isolates studied was due, 
at least in part, to the incompatibilities of the two main protein constituents. The 
changes in these proteins within the isolates due to processing would appear, if 
anything, to have made them less compatible since in general the storage modulus of 
mixed soya and whey isolate systems were similar to either protein alone at the same 
concentration. In contrast for glycinin and p-lactoglobulin the storage modulus, and 
therefore the structural cross-links, were greater for the mixtures than for an equivalent 
gel of either protein in isolation.
In this chapter proposals have been put forward for the structure of the single and 
mixed gels formed. To support this rheological work there is a clear need for a 
detailed analysis of microstructure of the soya-whey mixed system.
Microscopic Analysis of Soya 
and Whey Protein Mixed Gels
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5.1 Introduction
The rheological properties of the soya isolate PP 500E and Bipro whey isolate single 
and mixed gels gave an indication of the structural nature of the networks formed. The 
gel structure can also be studied by visual observation techniques such as light and 
electron microscopy (Heertje, 1993; Hermannson, 1994). Here microscopy was used 
to substantiate the theories for the microstructure of soya and whey protein mixed gels 
which were put forward in Chapter 4.
5.1.1 The Microstructure of Soya Proteins
The two major fimctional proteins of soya - glycinin and p-conglycinin - are both 
capable of forming ordered gel structures (Hermansson, 1985).
Glycinin ; Glycinin is believed to form a structure of gel strands of a thickness similar 
to the diameter of the native molecule (11 x 11 x 7.5 nm) (Badley et a l, 1975; 
Nakamura, et a l ,  1984). The gel structure is regarded as a typical ‘string of beads’ 
type network (Figure 1.8b) and has been found to vary in gels formed at different 
temperatures. These variations have been shown to cause changes in the rheological 
properties of the gels produced (Ker et a l, 1993).
p-conglycinin ; The micro structure of p-conglycinin gels is denser than that of 
glycinin and its network is more strongly cross-linked. The strands of the p- 
conglycinin gels, with a thickness of 10-15 nm, have a more complex mode of 
aggregation than the ‘string of beads’ mechanism and possibly form double spirals 
(Hermansson, 1985). However, Nakamura et a l  (1986a) proposed that the P- 
conglycinin gels had a randomly aggregated structure (Figure 1.8a).
Soya isolate : The gelation behaviour of commercially processed soya isolates is likely 
to be different from that of the native proteins glycinin and p-conglycinin. A 
commercial isolate (Promic-P) showed more a open, porous gel structure when viewed 
under the scanning electron microscope (Furakawa et a l, 1979). It was noted that
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different gel structures could be formed by altering the temperature at which gels were 
formed.
The soya isolate Promine D was also viewed microscopically by Beveridge et a l, 
(1984) who noticed that at room temperature, large spherical protein bodies could be 
seen by light microscopy. These were believed to be protein which was not completely 
dissolved at a concentration of 11 % (w/w) of sample. The gel structure, assessed by 
electron microscopy, was described as several large particles adhered together which 
were embedded in a background matrix. The large protein spheres were ‘cemented’ 
together by a heat-induced soluble protein gel which was present in limited quantities.
5.1.2 The Microstructure of Whey Proteins
The gel structures formed by the heat treatment of whey proteins were similar to those 
of p-lactoglobulin which is the main protein constituent of whey. Both were reported 
to form both fine-stranded and particulate gels (Langton and Hermansson, 1992; 
Hermansson, 1988; Harwalker and Kalab, 1985). The transition fi-om one type to the 
other can take place due to a small change in, for example, pH, ionic strength, 
concentration of other components, heating conditions, etc. The charge on the protein 
determines the type of gel formed. If the repulsion is large the energy barrier against 
random aggregation is large and fine-stranded gels are formed. In the vicinity of the 
isoelectric pH the repulsion is small and a network of colloidal particles is formed 
(Clark and Lee-Tuffhell, 1986; Langton and Hermansson, 1992). The size of the 
particles in the aggregated network is in the order of pm in diameter, whereas the 
strands in the fine-stranded network have a diameter in the order of nm (Langton and 
Hermansson, 1992). This size difference caused the fine-stranded networks to be 
transparent and the aggregated network to be opaque white.
In the absence of salts fine-stranded gels are formed at pH values above 6 and below 4. 
At high pH levels the strands are stiff and short but at low pH they are long and 
flexible. At the shifts between fine-stranded and particulate structures a mixture of the 
two can sometimes be seen (Langton and Hermansson, 1992). Between pH 4 and 6, 
or in the presence of salts, P-lactoglobulin and whey protein formed particulate, white-
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opaque gels (Langton and Hermansson, 1992). They consisted of spherical aggregates 
linked together like a zigzag band forming the strands of the network. The size of the 
aggregates differed with pH.
Though the pH dependence of whey protein and p-lactoglobulin gel structures are 
similar, the pH-region of particulate gels is expanded for whey protein. For example, 
aggregated whey protein gels have even been found at pH 9 (Hermansson, 1986b). 
This may be due to the fact that whey protein is composed of several proteins with 
different isoelectric points (Table 3.6). While 85 % of the proteins in whey {i.e. p- 
lactoglobulin, a-lactalbumin and BSA) have their isoelectric points around pH 5, the 
immunoglobulins have isoelectric points around pH 6-8 which expands the particulate 
region to higher pH values. Whey protein isolate also contains salts and lactose which 
may affect the gel structure in different ways. Another important factor may be the 
pre-heat treatment of milk prior to obtaining commercially available whey products. 
Partial dénaturation induced an aggregated gel structure to form (Walkenstrom, 1993).
5.2 Materials and Methods
The two main visual analysis techniques used were phase contrast light microscopy and 
electron microscopy. Immuno-gold labelling TEM enabled the proteins of the mixed 
gels to be distinguished (Section 2.11.2.2). Sample preparation and microscopic 
techniques are described in Section 2.11.
Before using immuno-gold labelling to distinguish between the soya and whey proteins 
in the mixed gels it was important to optimise the conditions. The goal was to obtain 
the minimum non-specific binding of the two antibodies with the opposite samples. 
This was achieved by optimising the dilutions of the two antibodies, by experimenting 
with different blocking proteins and different sources of gold labelled antibody. The 
optimised conditions used are outlined in Table 2.9, Section 2.11.2.2.
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5.3 Results and Discussion
5.3.1 Microscopic Analysis of Soya Proteins
5.3.1.1 Soya isolate PP 500E
Phase contrast microscopy : A 20 % (w/w) solution of soya isolate PP 5 COE, viewed 
by phase contrast microscopy, had an aggregated appearance (Plate 5.1). More diluted 
solutions (10 % w/w) showed large (-100 pm) spherical protein bodies which were 
previously described by Beveridge et a l, (1984) as undissolved protein (Plate 5.2). 
Heating high concentrations (20 % w/w) of the isolate led to a breakdown of the 
aggregates and the formation of a structure with a relatively ordered appearance (Plate 
5.3). Heating a solution which contained soya isolate below its minimum gelling 
concentration (< 14 % w/w) (Figure 4.8) resulted in a marked reduction in protein 
aggregation (Plate 5.4). This finding supported the theory that the reduction in the 
storage modulus which was seen on heating a solution containing soya isolate PP 500E 
below its minimum gelling concentration was due to protein aggregate breakdown 
(Figure 4.9, Section 4.3.1.1).
Electron microscopy : Transmission electron microscopy of soya isolate PP 500E gel 
indicated an aggregated structure. Gold-labelled antibodies specific to glycinin 
(Section 2.11.2.2) were seen to form clumps (Plate 5.5) which were even more 
apparent when smaller gold particles were used and the gels were viewed at higher 
magnification (Plate 5.6). Similar clumping of the antibodies was not seen in primary 
antibody controls (Section 2.11.2.2). These only showed minimal scattered non­
specific binding. This proved that the aggregation was of the glycinin protein and not 
of the antibodies (Plate 5 .7).
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Plate 5.1 Phase contrast microscopy of soya 
isolate PP 500E (20 % w/w) at 20 °C, x 100
Plate 5.3 20 % (w/w) Soya isolate PP 500E 
at 90 °C, X 100
Plate 5.2 Phase contrast microscopy of soya 
isolate PP 500E (10 % w/w) at 20 °C, xlOO
i
K m
Plate 5.4 10 % (w/w) Soya isolate PP 500E 
at 90 °C, X 100
•*
• •  • *
Plate 5.5 TEM of 20 % (w/w) soya isolate PP 
500E gel with a 10 nm immunogold label for 
glycinin, x 46,000
Plate 5.6 TEM of a 20 % (w/w) soya isolate PP 
500E gel with a 5 mn immunogold label for- 
glycinin, x 100,000
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Plate 5.7 TEM of a 20 % (w/w) soya isolate PP 500E gel 
with a 10 nm immunogold label but no anti-glycinin primaiy' antibody, x 46,000
» V >
Plate 5.8 Phase contrast microscopy of 20 % Plate 5.9 Phase contrast microscopy 20 % (w/w)
(w/w) glycinin at 20 °C, xlOO glycinin heated briefly, x 100
Plate 5.10 Phase contrast microscopy of 10 % (w/w ) glycinin at 90 °C. x 100
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5.3.1.2 Glycinin
Phase contrast microscopy : Phase contrast microscopy of a 20 % (w/w) solution of 
the l i s  globulin of soya - glycinin - (Plate 5.8) did not appear to contain any large 
aggregates like those seen in the soya isolate PP 500E (Plate 5.1), although smaller 
protein spheres were seen. However, brief heating caused an immediate reduction in 
the amount of these protein spheres seen (Plate 5.9). A relatively ordered network 
structure could be seen when solutions containing glycinin below its minimum gelling 
concentration were heated. The network was not continuous at this concentration 
(Plate 5.10).
Electron microscopy : The fine-stranded, ‘string of beads’ gel structure of glycinin 
was seen both at low magnification and more clearly at high magnification (Plates 5.11 
and 5.12, respectively). The dimensions of the network strands were similar to those 
of the glycinin molecule ( 1 1 x 1 1 x 7 5  nm, Badley et a l, 1975) as was reported to be 
the case by Nakamura et al, (1984).
5.3.2 Microscopic Analysis of Whey Proteins
5.3.2.1 Bipro whey protein isolate
Phase contrast microscopy ; Neither the solutions nor gels of Bipro whey protein 
isolate at pH 7.0 could be viewed by this technique. The protein formed clear 
solutions and gels at this pH and therefore no contrast could be obtained.
Electron microscopy : At pH 7.0 the Bipro whey protein isolate formed fine-stranded, 
ordered gel networks to which anti-whey gold-labelled antibodies were bound evenly 
(Plate 5.13). There was very little non-specific binding of the secondary, gold-labelled 
antibody if the primary antibody was omitted (Plate 5 .14).
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Plate 5.11 TEM of a 20 % (w/w) glycinin gel, x 
46,000
Plate 5.12 TEM of a 20 % (w/w) glycinin gel 
with a 10 nm immunogold label for glycinin. 
X 130,000
Plate 5.13 TEM of a Bipro whe>' isolate (20 % 
w/w) gel with a 15 nm immunogold label for 
whe>' proteins, x 46,000
Plate 5.14 TEM of a Bipro whe\ isolate (20 % 
(w/w)gel with a 15 nm immunogold label but no 
anti-whey primary antibody, x 46,000
i
• t
Plate 5.15 TEM of a 20 % (w/w) P-lactoglobulin 
gel with 15 nm immunogold label for p- 
lactoglobulin. x 46,000
Plate 5.16 TEM of a 20 % (w/w ) p-lactoglobulin 
gel with 15 nm immunogold label for p- 
lactoglobulin. x 100,000
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5.3.2.2 p-lactoglohulin
Phase contrast microscopy ; p-lactoglobulin could not be analysed by phase contrast 
microscopy because this low molecular weight protein and its fine-stranded gels did 
not offer contrasting phases.
Electron microscopy : The fine-stranded network of p-lactoglobulin at pH 7.0 (Plates 
5.15 and 5.16) strongly resembled that of glycinin (Plates 5.11 and 5.12). However, 
the P-lactoglobulin gel strands were slightly larger (~ 20 nm diameter) than those of 
the glycinin gel ( -1 1  nm). p-Lactoglobulin (MW 18,363 Da) is a significantly smaller 
protein than glycinin (MW 350,000 Da) and so, although the strands of the glycinin gel 
were attributed to single glycinin molecule network strands, this could not be the case 
for the p-lactoglobulin gels. P-Lactoglobulin is reported to form tetramers or higher 
aggregates prior to gel network structure formation (Mulvihill and Donovan, 1987), as 
described in Section 4.1.1.2. Thus, those P-lactoglobulin gel network strands which 
were seen were likely to have been formed from such aggregates.
5.3.3 The Mixed System
5.3.3.1 Soya isolate PP 500E and Bipro whey isolate
Phase contrast microscopy : The addition of small amounts (3 % w/w) of Bipro whey 
protein isolate to soya isolate PP 500E continuous systems (17 % w/w) had httle effect 
on the appearance of the solution at room temperature and low magnification (Plate 
5.17) when compared with the same overall concentration of soya isolate PP 500E in 
isolation (Plate 5.1). Heating this solution (Plate 5.18) resulted in the formation of a 
gel network which appeared to be a slightly more compact than that of soya isolate PP 
500E alone (Plate 5.3). When slightly higher concentrations of Bipro whey isolate 
were used (15 % (w/w) soya isolate PP 500E; 5 % (w/w) Bipro whey isolate), the 
solution separated into whey isolate inclusions within a soya isolate PP 500E 
continuous phase (Plate 5.19). Heating this solution resulted in a gel which appeared 
identical, at low magnification, to that formed when less whey was added (Plate 5.18).
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A solution with soya isolate PP 500E and Bipro whey isolate in the ratio 13 % (w/w) : 
8 % (w/w), bulk phase separated (Plate 5.20). The Bipro whey protein inclusions had 
joined so that the soya isolate PP 500E was no longer the continuous phase (Plate 
5.20). These results supported the theory put forward in Section 4.3.3.1 (illustrated in 
Figure 4.29) to explain the rheological phenomena. This theory postulated that when 
lower Bipro whey isolate concentrations were used the whey isolate was sterically 
excluded into a limited space. Within these inclusions there was a higher effective 
concentration of Bipro whey isolate. At the ratios of Bipro whey isolate ; soya isolate 
PP 500E at which the rheological analysis suggested these inclusions would exist, they 
could not be seen at low magnification (Plate 5.17). However, at slightly higher Bipro 
whey isolate ; soya isolate PP 500E ratios they did become apparent (Plate 5.19). At 
still higher ratios of Bipro whey isolate : soya isolate PP 500E the soya isolate no 
longer limited the whey into a restricted space and so the effective concentration of 
whey in the inclusions actually decreased.
The rheological data also showed that phase inversion occurred at concentrations of 
soya isolate PP 500E higher than those of a 1:1 ratio with Bipro whey isolate. 
Although at the 13:8 ratio of soya isolate PP 500E to Bipro whey isolate (Plate 5.20) 
the soya isolate still appeared to be the dominant phase, the rheological data (Section
4.3.3.1) suggested that Bipro whey isolate was the continuous phase. This can be 
explained by the fact that the protein which forms a gel network at the lowest 
temperature is likely to exhibit a greater degree of continuity and determine, to the 
greatest extent, the mechanical properties of the gel (Ziegler and Foegeding, 1990) 
(Section 1.6.1). Indeed from Figure 5.20 it would appear that it would be possible for 
the Bipro whey isolate to form the continuous phase.
The Bipro whey isolate phase increased when more Bipro whey isolate was added at 
the expense of the soya isolate PP 500E (Plates 5.21 and 5.22) and, as anticipated from 
the rheological data (Section 4.3.3.1), the soya isolate PP 500E then formed the 
dispersed phase of inclusions.
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Plate 5.17 Phase contrast microscopy of 17 % 
(w/w) soya isolate PP 500E and 3 % (w/w) Bipro 
whey isolate mixed solution at 20 °C, x 100
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t  ■ ■
-ii
Plate 5.18 Phase contrast microscopy of 17 % 
(w/w) soya isolate PP 500E and 3 % (w/w)Bipro 
whey isolate mixed gel at 90 °C, x 100
Plate 5.19 Phase contrast microscopy of a 15 % 
(w/w) soya isolate PP 500E and 5 % (w/w) Bipro 
whey isolate mixed solution, x 100
Plate 5.20 Phase contrast microscopy of a 13 % 
(w/w) soya isolate PP 500E and 8 % (w/w) Bipro 
whey isolate mixed solution, x 100
■ *
C : , ' /
Plate 5.21 Phase contrast microscopy 8 % (w/w)
soya isolate PP 500E and 12 % (w/w) Bipro whey
isolate mixed solution at 20 °C, x 100
Plate 5.22 Phase contrast microscopy of 5 %
(w/w) soya isolate PP 500E and 15 % (w/w)
Bipro whey isolate mixed solution 20 °C, x 100
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Electron microscopy ; After much research into the optimisation of the immuno-gold 
method for distinguishing between soya isolate PP 500E and Bipro whey isolate in the 
mixed gels (Section 2.11.2.2), the minimum non-specific binding was achieved for both 
samples (Plates 5.23 and 5.24)., Plate 5.23 shows a soya isolate PP 500E gel treated 
with the anti-whey antibody and very little cross-reactivity of the antibody was 
observed. Plate 5.24 shows an isolated patch of non-specific binding of the anti-soya 
antibody to the whey gel.
Initially, when mixed gels were viewed at relatively low magnifications (x 13,000 and x 
46,000), two distinct network phases could be seen (Plates 5.25 and 5.26 respectively). 
One phase had a more open, porous network structure, and the other a denser 
structure. At the high magnifications available using electron microscopy it was 
possible to distinguish between the two phases by using the antibodies specific to soya 
and whey proteins which were detected using gold-labelled secondary antibodies 
(Section 2.11.2.2). At a magnification of x 46,000 (Plate 5.26) it was already apparent 
that the anti-whey antibody was more prevalent in the densely packed phase although 
here inclusions of soya antibody binding could still be seen. The soya antibody bound 
mainly to the more open network structure.
At higher magnification it could be seen that the more dense structure (Plate 5 .27) was 
comparable with a whey or p-lactoglobulin gel structure (Plates 5.13 to 5.16). 
However, the structure to which the soya antibodies were mainly bound (Plate 5.28), 
appeared to be more open and porous than any seen previously for either soya or 
whey. Since within the denser structure there appeared to be more whey antibody 
binding it would be reasonable to assume that this was a primarily Bipro whey isolate 
phase. Soya isolate PP 500E inclusions were present within this phase but they were 
very small aggregates compared to the large clusters seen in Plate 5.28. The more 
porous open structure (Plate 5.28) appeared to be primarily soya isolate PP 500E with 
a small amount of Bipro whey isolate contamination. In this phase the soya isolate PP 
500E appeared to be strongly self-associated into large random aggregates.
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Plate 5.23 TEM shot-ring cross-reactiv ity of the 
anli-whey antibody to a soya isolate PP 500E gel, 
X 46.000
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Plate 5.25 TEM of a 9 % (w/w) soya isolate PP 
500E and 9 % (w/w) Bipro whey isolate mixed 
gel. X 13.000
f'
Plate 5.24 TEM showing cross-reactivity of the 
anti-soya antibody to a Bipro whey isolate gel. 
xIWUWO
'’ I
Plate 5.26 TEM of a 9 % (w/w) soya isolate PP 
500E and 9 % (w/w) Bipro whey isolate mixed 
gel, X 46.000
Plate 5.27 TEM of a 9 % (w/w) soya isolate PP 
500E and 9 % (w/w) Bipro whey isolate mixed 
gel. ‘whey phase". Whey 15 nm. and soya 5 nm 
immuno gold labels, x 1 0 0 . 0 0 0
Plate 5.28 TEM of a 9 % (w/w ) soxa isolate PP 
500E and 9 % (w/w) Bipro whey isolate mixed 
gel, soya phase Whey 15 nm. and soya 5 nm 
immuno gold labels, x 1 0 0 . 0 0 0
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Replacement of some of the soya isolate PP 500E with more Bipro whey isolate 
resulted in a similarly bulk-separated system but in this case the ‘soya phase’ was 
denser (Plate 5.30). The ‘whey phase’ still contained isolated inclusions of soya isolate 
PP 500E (Plate 5.29). This would seem to support the theory that the addition of a 
higher concentration of either protein resulted in the concentration of the minor 
fraction into inclusions. In this case the soya isolate phase was seen to be more 
compact and have a less open structure.
At high concentrations of soya isolate PP 500E and low concentrations of Bipro whey 
isolate, it was difficult to obtain an accurate picture of the phase behaviour of the 
system when using this technique. Two bulk phases were no longer apparent (Plate 
5.31). This would suggest that Bipro whey isolate forms smaller inclusions within the 
soya isolate PP 500E continuous system. Since the antibodies could not be optimised 
to the extent that they would bind extensively to the proteins present without 
compromising the non-specific binding, the intricate details of this, a more intimately 
mixed system, was not clear. However, in certain areas clumping of the whey 
antibodies could be seen (Plates 5.32 and 5.33), a phenomenon which was not seen at 
either of the other ratios (Plates 5.25 to 5.30). This would imply that the Bipro whey 
isolate was concentrated into inclusions as predicted by the rheological results in 
Section 4.3.3.1.
The differences in the micro structure of the mixed gels explains the differences in the 
syneresis seen across the range of ratios of the proteins (Table 4.3). When high ratios 
of soya isolate PP 500E to Bipro whey isolate were used the gels were observed, at 
low magnification, to be of an overall less coarse nature (Plate 5.18). This difference 
in structure would explain the enhanced water-holding capacity of these gels. This was 
probably due to the higher water-holding ability of Bipro whey isolate when compared 
with soya isolate PP 500E (Tables 4.1 and 4.2). At a 1:1 ratio of the two proteins the 
‘soya phase’ was seen to have a more open, coarse, network structure (Plate 5.28) 
than when soya isolate was viewed on its own (Plates 5.5 to 5.7). The syneresis seen 
on compression of gels of a 1:1 ratio of the proteins was substantially higher than at 
low concentrations of Bipro whey isolate (Table 4.3).
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Plate 5,29 TEM of a 5 % (w/w) soya isolate PP 
500E and 15 % (w/w) Bipro whe> isolate mixed 
gel. whe) phase’. Whe> 15 nm, and soya 5 nm 
iinmuno gold labels, x lOO.OOO
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Plate 5,30 TEM of a 5 % ( w / m  ) soya isolate PP 
500E and 15 % (w/w') Bipro whey isolate mixed 
gel, 'soya phase’. Whey 15 nm. and soya 5 nm 
immnno gold labels, x 100.000
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Plate 5,31 TEM of a 15 % (w/w) soya isolate PP Plate 5,32 TEM of a 15 % (w/w) soya isolate PP
500E and 5 % (w/w) Bipro whey isolate mixed 
gel. Whey 15 nm and soya 5 nm immnno gold 
labels, X 46,000
500E and 5 % (w/w) Bipro whey isolate mixed 
gel. Whey 15 nm and soya 5 nm iimnuno gold 
labels, X  46.000
e #
e #
» #
•V -
. X- • .
Plate 5.33 TEM of a 15 % (n/w) so> a isolate PP 500E and 5 % (w/w) Bipro n hey isolate mixed gel. 
Whe\ 15 nm. and so\a 5 nm immnno gold labels, x 100.000
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At low ratios of soya to whey isolate the syneresis was negligible. This would support 
the theory that the soya isolate PP 500E was now concentrated into inclusions and 
would therefore have less water associated with it. This theory was also supported by 
the fact that solutions of low ratios of soya to whey isolate contained isolated soya 
isolate PP 500E inclusions (Plate 5.22). Thus most of the water would be expected to 
be held by the fine-stranded Bipro whey isolate gel.
5.3.3.2 Glycinin and /3-lactoglobulin
Phase contrast microscopy : The native proteins glycinin and P-lactoglobulin, when 
mixed in a 1:1 ratio, could be seen to phase separate at room temperature (Plate 
5.34a). Even after thorough mixing the system could not be encouraged to form a 
single phase (Plate 5.34b) and the settling of the solution into two easily 
distinguishable phases could observed at low magnification (Plate 5.34c).
Heating the system resulted in a two phase gel (Plate 5.34d). One of the phases 
consisted of a larger scale network (Plate 5 .34e) and the other a more finely textured 
network structure (Plate 5.34f). This behaviour implied that the phase separation of 
the soya and whey isolate was due at least in part to the incompatibility of the 11S 
protein and P-lactoglobulin. It was therefore not only a phenomenon which would 
occur in extensively processed isolates. The native proteins appeared to behave in a 
similar fashion and so the range of soya and whey isolates of different degrees of 
dénaturation caused by processing (Walkenstrom, 1993) would be expected to phase 
separate, albeit perhaps to greater or lesser degrees.
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Plate 5.34 Phase contrast micrographs of a mixture of glycinin and P-lactoglobulin (1:1). 
a: at room temperature, xlOO b: mixed at 15,000 rpm for 1 min., x 100 c: allowed to settle for 1 min. 
after mixing, x 100 d: heated to 90 °C to form a mixed gel, x 100 e: mixed gel ‘phase 1% x 400 f:
mixed gel ‘phase 2 \  x 400.
Chapter 5 Microscopic Analysis of Soya and W hc\ Protein Mixed Gels 163
Eieclron microscopy ; Since the phases formed in the glycinin and P-lactoglobulin 
mixtures were easily distinguishable, a section of each phase was prepared individually 
for the electron microscope. 'Phase V (Plate 5.35) appeared to have a network 
structure similar to that of P-lactoglobulin (Plate 5.15 and 5.16) and the 15 nm anti-P- 
lactoglobulin antibodies were seen to be more prevalent in this phase (Plate 5.36) than 
in ‘phase 2’ (Plate 5.37). The 'phase 2’ network structure was clearly outlined with 
anti-glycinin 5 nm gold labelled antibodies (Plate 5.38).
Plate 5.35 TEM of a 1:1 glycinin (1 IS) and (3- 
lactoglobulin gel ‘Phase 1’. p-Iactoglobulin 15 
nm and 118 5 mn immunogold labels, x 80,000
a
Plate 5.37 TEM of a 1:1 glycinin (IIS) and f-  
lactoglobulin gel ‘Phase 2’. p-lactoglobulin 15 
mn and 1 IS 5 mn immunogold labels, x 46,000
Plate 5.36 TEM of a 1:1 glycinin (1 IS) and P- 
iactoglobulin gel ‘Phase T. P-lactoglobulin 15 
mn and ITS 5 nm immunogold labels, x 100,000
%
Plate 5.38 TEM of a 1:1 glycinin (1 IS) and p- 
iacloglobulin gel ‘Phase 2'. p-lactoglobulin 15 
nm and 1 IS 5 nm immunogold labels x 100,000
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5.4 Conclusions
Soya isolate PP 500E formed an aggregated-type gel structure. This was in agreement 
with the rheological behaviour of this isolate (Section 4.3.1.1). Similarly, Bipro whey 
isolate was found to form a more fine-stranded gel structure as the rheological data 
suggested (Section 4.3.2.1) and as previously described for whey isolates (Langton and 
Hermansson, 1992; Harwalker and Kalab, 1985).
Mixtures of soya isolate PP 500E and Bipro whey isolate were visually observed to 
phase separate at room temperature and to form phase separated gels. The two phases 
of the gel network formed were distinguished and identified using gold-labelled 
antibodies and electron microscopy.
The microscopic results added credence to the theory that the phase separated system 
resulted in a concentration of the discontinuous phase into inclusions (Section
4.3.3.1). The differing microstructures across the ratios of the mixed gels were 
related to the differences in the water-holding capacity of these systems (Table 4.3) 
and supported the view of Hermansson (1994) that coarser structures have a lower 
water-holding capacity than fine-stranded networks. Within the phase separated mixed 
systems the mixtures of coarse and fine-stranded gel structures resulted in gels with 
water-holding capacities which related well to the varying amounts of each structure 
present.
The major proteins of each isolate used in their native form also phase separated. This 
would enable results fi’om work on the soya isolate PP 500E - Bipro whey isolate 
mixture to be extrapolated to encompass mixtures of the soya and whey proteins in 
general. However, dififerences in the scale of the phase separation seen for the native 
proteins and the commercial isolates indicated that using soya and whey protein 
isolates of varying degrees of processing, and therefore denatured to different extents 
than those used in this work, may result in a variety of phase separated networks each 
of slightly different dimensions. This fact could be exploited in order to optimise the 
functional properties of this mixed system.
Soluble Wheat Protein and Salt- 
Soluble Meat Protein Mixed Gels
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6.1 Introduction
6.1.1 A Background to the Rheological and Microscopic Analysis of Soluble 
Wheat Protein
Wheat gluten : The structure of wheat gluten proteins is still uncertain although
suggestions have been made that glutenin it has no ordered structure or alternatively 
that it consists of a P-tum configuration (Section 3.1.4.1). On heating, some 
dénaturation of gluten proteins is generally believed to occur (Hoseney and Rogers, 
1990). However, if dénaturation is defined as a phase change Ifrom an ordered 
structure to a disordered structure (Section 1.4), this has not been shown to be the 
case for the gluten proteins. Differential scanning calorimetry (DSC) is one of the best 
ways of following the change from an ordered to a disordered structure (Section 2.9), 
and the DSC thermogram of wheat gluten does not show any conformation 
transformation (Section 3.4.3.3) (Hoseney and Rogers, 1990). However, although 
gluten is not denatured it is clearly changed by the heating process. Solubility 
decreased on heating due to disulphide-sulphydryl interchange reactions (Schofield et 
al., 1983). It was not clear whether this caused polymerisation or cross-linking of the 
proteins or a combination of both.
The precise ways in which gluten components interact during heating are far from 
resolved. Gliadin and glutenin are believed to associate via hydrogen bonds between 
the glutamine and asparagine side-chains (Beckwith et a l,  1963; Krull and Wall, 
1966). More recently dynamic rheological experiments on wheat gluten suggested that 
non-covalent interactions are primarily involved, and particularly electrostatic bonds 
(Inda and Rha, 1991; Attenburrow et al., 1990). Gluten formed its strongest gels at 
temperatures around 120-130 °C (Attenburrow et al., 1990).
The structure of wheat gluten gels, as observed by light and electron microscopy, was 
described as ‘sponge-like’ (Freeman etal., 1991).
Deamidated gluten ; Deamidation of gluten, as in the manufacture of soluble wheat 
protein, is known to improve its solubility and emulsifying properties (Hamada, 1994).
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The relative surface hydrophobicity of gluten was seen to increase five-fold on 
deamidation (Ma et a l, 1986). This would account for its improved emulsifying 
capacity which was found to be better than that of soya isolate (Wu et a i, 1976). It 
was shown, by DSC analysis, that soluble wheat protein did not denature on heating in 
the conventional way (Section 3.4.3.3). In this respect, therefore, the deamidated 
gluten behaves in a similar way to the un-modified protein.
6.1.2 A Background to the Rheological and Microscopic Analysis of Salt- 
Soluble Meat Protein
The salt soluble, myofibrillar proteins produce superior gels when compared with those 
of the sarcoplasmic proteins (Fukazawa et a l,  1961). The mechanism of gelation of 
myofibrillar proteins follows the scheme suggested by Ferry (1948) where dénaturation 
is a pre-requisite of gel formation (Figure 1.7, Section 1.5.4.2) (Ziegler and Acton, 
1984).
Thermal dénaturation o f  myofibrillar proteins ; The processing of meat proteins in 
food systems by the application of heat and the addition of salts causes the proteins to 
denature. The helical portions of the myofibrillar proteins unravel into random coil- 
type configurations (Hamm, 1966). The various conformational changes which occur 
during the thermal dénaturation of actomyosin are outlined in Table 6.1. It should be 
noted that the transition occurring at 55 °C is possibly the most crucial, since 
actomyosin gels do not attain appreciable strength until this temperature is reached 
(Ziegler and Acton, 1984). Variations in pH, temperature and ionic strength affect the 
temperature of the conformational changes of actomyosin. The rescanning of heated 
DSC samples suggested that the thermal dénaturation of myofibrillar proteins is 
irreversible (Wright a/., 1977).
Aggregation and gelation o f  myofibrillar proteins : Aggregates are more readily
formed by proteins in a random-coil configuration (Anglemier and Montogmery, 
1976). The gelation of both myosin and actinomyosin therefore occurs in two phases 
(Samejima et a l, 1981). At temperatures below 50 °C aggregation is slow and the 
major events which occur are the changes in protein conformation (dénaturation) as
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Table  6.1 conformational changes occurring during the Thermal dénaturation of
ACTOMYOSIN
Temperature (®C) Protein(s) or segments 
involved
Description of events
30-35 Native tropomyosin ^ Thermally dissociated from 
the F-actin backbone
38 F-actin ‘Super’ helix dissociates 
into single chains
40-45 Myosin ^ Dissociates into light and 
heavy chains
‘head’ Possibly some
conformational change
‘hinge’ ' Helix to random coil 
transformation
40-45 Actin, myosin Actin-myosin complex 
dissociates
50-55 Light meromyosin ^ Helix to coil
transformation and rapid 
aggregation
>70 Actin ^ Major conformational changes 
in the G-actin monomer
“ Burke et al., 1973; ^Dreizen and Richards, 1973; Jacobson and Henderson, 1973;  ^ Ziegler and 
Acton, 1984
described in the previous section. Rapid aggregation and subsequent gelation begins at 
approximately 55 °C and is brought about by changes in the native structure of the 
myosin rod. The interaction between the myosin rod or the tail segments which 
stabilise the gel are non-covalent in nature (Samejima et al., 1976). Interactions occur 
between actin and myosin and the ratio of the two can be varied to achieve optimal gel 
formation (Yasui et a i, 1980).
The structure o f myofibrillar protein gels : At pH 6.0 and 0.6 M KCl ordered tail-to- 
tail and head-to-head interactions of myosin can be seen using transmission electron 
microscopy in solutions heated to 40 °C (Hermansson, 1994). On further heating 
unordered aggregates form at temperatures above the dénaturation temperature of the 
myosin heads (Hermansson et al., 1986). At lower salt concentrations myosin forms a 
fine-stranded gel network (Hermansson, 1994).
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6.1.3 A Background to the Interactions between Soluble Wheat Protein and 
Salt-Soluble Meat Proteins
The use of wheat gluten in meat protein systems has previously been reported. It 
supplies proteins and specific amino acids and is a key ingredient in specific 
formulations because of its water and fat binding and its texturising properties 
(Maningat et a l,  1994).
The major aims when studying the mixture of modified wheat gluten with salt-soluble 
meat proteins were therefore two-fold:
(i) To ascertain whether an addition of small quantities of soluble wheat proteins 
would significantly improve functionality of the salt-soluble meat proteins and 
also decrease the amount of syneresis seen in the system.
(ii) To compare the behaviour of this mixed protein system with the phenomena 
seen in the mixture of soya and whey protein isolates.
6.2 Materials and Methods
6.2.1 Rheological Methods for Single and Mixed Systems
Soluble wheat protein and salt-soluble meat protein were initially studied in isolation. 
Large deformation testing was used and gels were formed both at 90 °C and also at 
120 °C under high pressure to emulate canning (autoclave treatment. Section
2.10.1.1). The gels formed were analysed on the Instron Universal Testing Instrument 
(Section 2.10.1.1). The syneresis on compression was measured by methods described 
in Section 2.10.1.3). The effect of the salts potassium, sodium and calcium was 
investigated by large deformation analysis. A 20 mM solution of the chloride salt was 
used in each case. Small deformation analysis was carried out on a Rheometrics 
constant stress rheometer according to methods given in Section 2.10.1.2.
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6.2.2 Microscopy Methods for Single and Mixed Systems
Single and mixed protein solutions were viewed by phase contrast microscopy (Section
2.11.1). Gels, formed in the autoclave (Section 2.10.1.1), were then viewed under the 
transmission electron microscope. The gels were prepared for transmission electron 
microscopy using techniques described in Section 2.11.2.
6.3 Results and Discussion
6.3.1 The Rheological and Microscopic Analysis of Soluble Wheat Protein
6.3.1.1 Rheological analysis o f soluble wheat protein
Large deformation analysis : The minimum concentration required for gelation was 
similar for both gelation at 90 °C and autoclaved gels (Figure 6.1) but the maximum 
shear modulus (G) achievable was higher when gels were formed at 120 °C and under 
pressure.
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Figure 6.1 Minimum gelling concentration (Co) of soluble wheat protein at both 90 °C and 120 °C
This could be explained by the fact that high temperature favours hydrophobic 
association up to extreme temperatures when they are disrupted due to the increased 
kinetic energy of the system (Section 1.3 .2.4). It would appear that in the case of 
soluble wheat protein, at concentrations where the number of cross-links formed were
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not sufficient to form an integral network at 90 °C, increased temperature did not 
induce a gel network to form. It is possible that the increased kinetic energy of the 
system caused as much disruption of the structure as it enhanced cross-link formation. 
There was therefore no overall effect on the degree of structure formed at higher 
temperatures. However, at higher concentrations of soluble wheat protein, when the 
protein molecules would be in close proximity, any structure disrupted, due to the 
increased kinetic energy of the system, would be more likely to reform. Along with the 
enhancement of hydrophobic association the overall effect would be of an increased 
structural formation.
The effect of the addition of salts (20 mM) on gels formed in the autoclave showed 
that while potassium reduced the shear modulus and sodium had little affect, the 
addition of calcium significantly enhanced the gel formation (Figure 6.2).
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Figure 6.2 Effect of potassium, sodium and calcium salts (20 mM) on the shear modulus of 20 % 
(w/w) soluble wheat protein solutions in distilled water heated to 120 °C
This was probably due to the high levels of COOH residues in soluble wheat protein. 
Glutamic acid is the most abundant amino acid present in gluten (Table 3.8). Calcium 
can interact with carboxyl groups to form bridges which strengthen the gel structure 
(Mulvihill and Kinsella, 1988).
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The addition of salts also altered the characteristics of the gel produced (Table 6.2). 
The addition of both potassium and sodium salts increased the syneresis seen on 
compression of the gel. Gels formed in the presence of these monovalent ions did not 
rupture on compression to 12 mm. The addition of calcium caused a firmer, brittle gel 
to form which had a high fracture shear stress and strain. It also had a higher capacity 
to bind water than gels formed in the presence of sodium and potassium.
TABLE 6.2 LARGE DEFORMATION ANALYSIS OF THE EFFECT OF POTASSIUM, SODIUM AND CALCIUM SALTS 
(20 MM) ON THE GEL CHARACTERISTICS OF 20 %  (W./W) SOLUBLE WHEAT PROTEIN
Salt Fracture shear 
stress (xf) * (SD)
Fracture shear 
strain (yd * (SD ±)
Syneresis on 
compression  ^(SD ±)
None Did not fracture 1.1% (0.3)
Potassium Did not fracture 21.6% (1.4)
Sodium Did not fracture 16.9% (2.1)
Calcium 44 (12)'(Pa): 1.4 (0.2) 4.2 % (0.9)
* Equations 1.8 and 1.9 in Section 1.5.4.4,  ^Section 2.10.1.3
This behaviour was in direct contrast to the effects of calcium on soya and whey 
protein isolates which were induced to form aggregated systems prone to syneresis 
(Sections 4.3.1.1 and 4.3.2.1). In the case of soluble wheat protein, the direct 
interactions of the calcium with the carboxyl groups appeared to significantly 
strengthen and stabilise the structure.
Small deformation analysis ; The temperature sweep of 20 % (w/w) soluble wheat 
protein (20 mM calcium) showed an initial fall in the G’ and G’ ’ followed by a small, 
broad peak at 60 °C (Figure 6.3). It was not possible to assign this peak as the 
dénaturation of any of the proteins present in the soluble wheat protein because the 
DSC thermogram showed no conformational transitions (Section 3.4.3.3). After this 
peak the storage modulus continued to fall to a minimum at ~ 85°C after which it 
increased rapidly. The storage modulus became larger than the loss modulus at 
approximately 90 °C. The mechanical spectrum showed that the gel structure formed 
was weak (Figure 6.4). Cooling the structure to 20 °C did not cause any significant
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increase in the storage modulus but reduced the frequency dependence of the modulus 
(Figure 6.5).
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Figure 6.3 Temperature sweep (20-90 °C) of 20 % (w/w) soluble wheat protein (20 mM calcium)
Figure 6.4 Frequency sweep of 20 % (w/w) SWP Figure 6.5 Frequency' sweep of 20 % (w/w) SWP 
(20 mM calcium) at 90 °C (20 mM calcium) at 20 °C
Thus, almost all of the network structure was formed on heating although cooling the 
gel may have caused a change in the distribution of the cross-links which as a result 
stabilised the network.
6.3.1.2 Microscopic analysis o f  soluble wheat protein
Phase contrast microscopy ; At room temperature 20 % (w/w) soluble wheat protein 
could be seen to contain large protein aggregates (Plate 6.1). Heating caused the
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breakdown of these aggregates (Plate 6.2) and tliis would account for the initial 
decrease in storage modulus which was seen on heating the protein (Figure 6.3).
ElectJ^on microscopy ; Soluble wheat protein gels viewed under the electron 
microscope (Plate 6.3) had a ‘spongy structure’ similar to the wheat gluten gels 
previously described by Freeman and co-workers, (1991).
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Plate 6.1 Phase contrast microscop}' of 20 % 
(w/w) SWP (20 mM calcium) at 20 °C, xlOO
liiP
iiiii
Plate 6.2 Phase contrast microscopy of 20 % 
(w/w) SWP (20 mM calcium) at 90 °C, xlOO
Plate 6.3 TEM of a 20 % (w/w) SWP (20 niM 
calcimn) gel, x 8000
m
Plate 6.4 TEM of a 20 % (w/w) SWP gel (20 
mM calcium), x 28,000
At a higher magnification the network strands which made up the gel could be seen 
(Plate 6.4). The strands were between approximately 10 - 30 nm wide and they joined 
larger aggregates which were approximately 100 nm in diameter. The dimensions of 
the gluten proteins are not known but the molecular weight of gliadin is in the range
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30-100,000 Da and of glutenin is believed to be in the region of 100,000 Da. Glycinin 
has a molecular weight of 350,000 Da and dimensions of 11 x 11 x 7.5 nm (Badley et 
ai, 1975) and so it would be expected that the dimensions of the gluten proteins 
would be less than this. It was therefore probable that the network strands of the 
soluble wheat protein gel were made up of aggregates of the gluten proteins.
6.3.2 The Rheological and Microscopic Analysis of Salt-Soluble Meat Protein
6.3.2.1 Rheological analysis o f salt-soluble meat protein
Large deformation analysis ; Gels generally had a higher shear modulus when 
produced at higher temperatures and pressures. The minimum gelling concentration of 
salt-soluble meat protein at 90 °C was higher than that when the gels were formed at 
120 °C and under high pressure (autoclave treatment) (Figure 6.6).
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Figure 6.6 Minimum gelling concentration of salt-soluble meat protein gels formed at 90 °C or by an
autoclave cycle at 120 °C
Thus, at higher temperatures a more stable network structure was formed. At 
temperatures above 90 °C any collagen present would be converted into gelatin which, 
on cooling, may also have contributed to the gel network. Heating meat above 90 °C 
is known to improve its tenderness because of the breakdown of collagen (Hamm, 
1970). Increased pressure is also known to affect the dénaturation and gel formation
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of meat proteins (Hamm, 1970) which may also have contributed to the increase in 
shear modulus seen. The effect of salts on the formation of autoclaved gels was 
assessed. In general, the addition of salts to the system made the gels formed more 
brittle and less cohesive, i.e. they had a high shear stress and a low shear strain (Table 
6.3). The shear modulus was greatest on the addition of potassium whilst sodium 
caused a less marked but significant increase in the shear modulus when compared with 
that in the meat protein alone (Figure 6.11).
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Figure 6.7 The effect of potassium, sodium and calcium salts (20 mM) on the shear modulus of 20 % 
(w/w) salt-soluble meat protein gels formed by autoclave treatment
TABLE 6.3 LARGE DEFORMATION ANALYSIS OF THE EFFECT OF POTASSIUM, SODIUM AND CALCIUM SALTS 
(20 MM) ON THE GEL CHARACTCRISTICS OF 20 % (W./W) SALT-SOLUBLE MEAT PROTEIN
Salt Fracture Fracture 
shear stress shear strain 
(x,) * (SD)}(Pa)j (Y r )* (S D ± )
Syneresis on 
compression  ^
(SD ±)
None 1.01 (0.5) 1.76(0.2) 26.2%  (1.4)
Potassium 35.69 (6.7) 0.80 (0.9) 44.1%  (2.8)
Sodium 35.62 (3.2) 0.69 (0.2) 37.5 % (2.3)
Calcium 26.62 (2.0) 0.70 (0.3) 54.7% (2.3)
* Equations 1.8 and 1.9 in Section 1.5.4.4, ' Section 2.10.1.3
It has been postulated that an increase in the concentration of and other monovalent 
cations lessens the non-covalent interactions required to maintain the structure of
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myosin and therefore dénaturation is enhanced (Goodno and Swenson, 1975). If this 
is the case it would explain the increase in shear modulus seen on the addition of this 
salt. Gels formed in the presence of calcium also had a higher shear modulus than salt- 
soluble meat protein gels with no added salt.
Small deformation analysis : The temperature sweep of a 20 % (w/w) salt-soluble 
meat protein gelation showed an immediate rise in the storage modulus of the system 
and the G’ - G”  crossover was at around 40 °C This indicated that a significant 
number of cross-links had already been formed at this temperature (Figure 6.8).
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Figure 6.8 Temperature sweep (20-90 °C) of 20 % (w/w) salt-soluble meat protein in distilled water
The storage modulus became greater than the loss modulus almost immediately when 
the two moduli began to rise to form a peak which reached its maximum at about 50 
°C This corresponded with the main dénaturation transition of actomyosin (Ziegler 
and Acton, 1984). At around 70 °C the storage modulus began to plateau.
Thus, on heating salt-soluble meat protein cross-links began to form almost 
immediately. The majority of the structure formation occurred on the dénaturation of 
actomyosin.
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6.3.2.2 Microscopic analysis o f salt-soluble meat protein
Phase contrast microscopy : At room temperature 20 % (w/w) salt-soluble meat
protein was a transparent dispersion which showed relatively little phase contrast 
image (Plate 6.5). A fibrous network structure formed on heating (Plate 6.6).
Electron microscopy : Electron micrographs of 20 % (w/w) salt-soluble meat protein 
gels showed cross-sections of its network fibrous strands which had diameters in the 
region of 180 nm (Plate 6.7). At high salt concentrations myosin has been seen to 
associate in an ordered fashion but could be induced to form synthetic filaments on 
heating if the ionic strength was lowered (Hermansson, 1994). These fibres had a 
diameter of approximately 100 nm. Actin is known to associate with myosin and may 
have induced its aggregation into similar filaments which formed the network seen in 
Plate 6.7.
As was expected at lower concentrations of the protein, a less dense network structure 
was formed (Plate 6.8). The occasional longitudinal section of the fibres could also be 
seen (Plate 6.8). At higher magnification limited transverse associations between the 
fibres could be seen (Plate 6.9).
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Plate 6.7 TEM of a 20 % (w/w) SSMP gel,
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Plate 6.5 Phase contrast microscopy of SSMP (20 
% w/w) at 20 °C, XlOO
Plate 6.6 Phase contrast microscopy of SSMP (20 
% w/w) at 90 °C, xlOO
Plate 6.8 TEM of a 13 % (w/w) SSMP gel,
X 8.000
Plate 6.9 TEM of a 20 % (w/w) SSMP gel, x 28,000
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6.3.3 The Interactions Between Soluble Wheat Protein and Salt-Soluble Meat 
Proteins as Studied Using Rheology and Microscopic Techniques
6.3.3.1 Rheological analysis o f soluble wheat protein and salt-soluble meat 
protein mixtures
Large deformation testing ; The addition of soluble wheat protein to salt-soluble meat 
protein gels generally increased the shear modulus of the system (Figure 6.9). 
Addition of 1 % (w/w) soluble wheat protein to a 20 % (w/w) salt-soluble meat 
protein gel resulted in a trebling of the shear modulus. The gels were also seen to have 
a high fracture shear stress and shear strain when compared with salt-soluble meat 
protein gels, which suggested that they were more cohesive and elastic. This was seen 
to be a characteristic of soluble wheat protein gels which did not rupture after 12 mm 
compression (Table 6.2). The replacement of a quarter of the salt-soluble meat protein 
with soluble wheat protein showed a similar, but more marked effect. The gels did not 
rupture after 12 mm of compression. At equal ratios of each of the proteins the shear 
modulus of the gels produced was lower than those seen in gels formed from higher 
ratios of soluble wheat protein to salt-soluble meat protein. The gels were also more 
brittle with rupture occurring after only 5 mm of compression. The shear modulus 
was, however, still higher than that of a 20 % (w/w) salt-soluble meat protein gel.
The gels formed from a 3:1 ratio of soluble wheat protein : salt-soluble meat protein 
were more brittle than a gel composed of only soluble wheat protein. However, the 
addition of only 1 % (w/w) soluble wheat protein to a 20 % (w/w) salt-soluble meat 
protein resulted in a relatively elastic gel similar to that formed from soluble wheat 
protein alone. The shear modulus was higher than that of a 20 % (w/w) soluble wheat 
protein gel but was lower than that of a 21 % (w/w) soluble wheat protein gel.
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Figure 6.9 The shear modulus of salt-soluble meat protein (SSMP) and soluble wheat protein (SWP)
mixed gels
TABLE 6.4 L a r g e  d e f o r m a t i o n  t e s t i n g  o f  g e l s  m a d e  f r o m  M ix t u r e s  o f  s o l u b l e  w h e a t  p r o t e in  
(SWP) AND SALT-SOLUBLE MEAT PROTEIN (SSMP)
Mixture Fractij
stress
(SD ±)
ire shear 
rte)_*
Fracture shear 
strain (yr) * 
(SD ±)
Syneresis on 
compression  ^
(SD±)
20 % SSMP 2.4(22) 0.43 (0.08) 26.2% (1.4)
25 % SSMP 37.2 (9.4) 0.39 (0.07) 19.4% (1.5)
20 % SSMP 1% SWP 32.5 (6.3) 1.01 (0.08) 6.7 % (2.0)
15 % SSMP 5 % SWP - - 1.9% (0.7)
10 % SSMP 10 % SWP 13.66 (3.8) 0.60 (0.12) 8.9 % (0.9)
5 % SSMP 15 % SWP 25.48 (2.7) 1.37(0.23) 3.6% (1.7)
1 % SSMP 20 % SWP - - 1.7% (0.4)
21 % SWP - - 0.8 % (0.04)
20 % SWP - - 1.1 % (0.3)
* Equations 1.8 and 1.9 in Section 1.5.4.4,  ^ Section 2.10.1.3
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The syneresis of the system was assessed and, of the mixed gels, those formed from a 
1:1 ratio of the proteins were most prone to syneresis (Table 6.4). The addition of 
small amounts (1 % w/w) of soluble wheat protein to the 20 % (w/w) salt-soluble meat 
protein system caused a dramatic decrease in the syneresis. It was less than half th #  of 
the 20 % (w/w) salt-soluble meat protein gel alone. The water-loss was reduced still 
further when a quarter of the salt-soluble meat protein was replaced with soluble wheat 
protein.
It would therefore appear that the soluble wheat protein bound a considerable amount 
of the water of the salt-soluble meat protein system. It also altered the textural 
properties of the system. With the addition of only 1 % soluble wheat protein a less 
brittle, more smooth texture was noticed which, on the further replacement of meat 
protein by soluble wheat protein, became increasingly elastic and cohesive.
63.3.2 Microscopic analysis of soluble wheat protein and salt-soluble meat 
protein mixtures
Phase contrast microscopy : Phase contrast microscopy of a mixture of soluble wheat 
protein_and salt-soluble meat protein showed a mixed dispersion of the two proteins at 
room temperature (Plate 6.10).
Electron microscopy : Where a small amount of the salt-soluble meat protein had been 
replaced by soluble wheat protein in a mixed gel, the added soluble wheat protein 
appeared to bind the meat protein fibres transversely (Plates 6.11 to 6.13). Although 
there were large areas of primarily soluble wheat protein, the remainder of the soluble 
wheat protein was relatively dispersed throughout the gel and in transverse section 
appeared as small pockets of more tightly bound meat protein fibres.
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Plate 6.10 Phase contrast microscopy of a mixture of 10 % (w/w) SSMP and 10 % (w/w) SWP at 20
°C, XlOO
mm#
Plate 6.11 TEM of a mixed gel of 17 % (w/w) SSMP with 3 % (w/w) SWP, x 2,800
Ü
Plate 6.12 TEM of a mixed gel of 17 % (w/w)
SSMP and 3 % (w/w) SWP, x 8,000
m
Plate 6.13 TEM of a mixed gel of 17 % (w/w)
SSMP and 3 % (w/w) SWP, x 28,000
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6.4 Conclusions
Deamidated soluble wheat proteins formed gels which were structurally comparable to 
those formed from un-modified gluten. The gels were elastic and appeared ‘sponge­
like’. By contrast, salt-soluble meat protein gels had a more open, fibrous network 
structure, and were therefore less cohesive and more prone to syneresis on 
compression.
The addition of soluble wheat protein to salt-soluble meat proteins produced gels 
which were ‘stronger’ (had a higher shear modulus), were more cohesive and had an 
improved water-binding capacity when compared with gels made from the same 
overall concentration of salt-soluble meat protein alone. The more open, fibrous meat 
protein gel network appeared to be stabilised by the more fine-stranded, ‘sponge-like’ 
soluble wheat protein network. This gave the structure a higher water-holding 
capacity due to the finer stranded nature of the soluble wheat protein gel. This also 
made the mixed gel more cohesive and elastic.
When the ratio of soluble wheat protein to salt-soluble meat protein approached 1:1 
the enhancement of gel strength was less marked. This may have been due to the 
increased self-association of both proteins causing separate phases to be formed. This 
would therefore leave a significant proportion of the salt-soluble meat protein with no 
soluble wheat protein stabilisation rather than the more widespread dispersion seen 
previously. These expanses of purely salt-soluble meat protein would decrease the 
shear modulus of the overall gel structure and decrease its water-binding capacity.
Overall Discussion and
Conclusions
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7.1 Interactions Between Soya Isolate PP 500E and Bipro Whey 
Isolate
Initially the commercial protein isolates were characterised by rheological, 
physicochemical and microscopic techniques. Similar techniques were used to study 
the mixed system.
Soya isolate PP 500E : DSC analysis showed no conformational transitions for the 
soya isolate PP 500E indicating that it denatured during processing. The solubility of 
the isolate was shown to be limited due to both the high proportion of denatured 
protein present and the aggregation of the native 11S protein. The denatured proteins 
of soya isolate PP 500E appeared to interact at room temperature and, at high 
concentrations of the isolate, a significant amount of structural formation was 
apparent.
Heating soya isolate PP 500E led to a breakdown of any structure, and protein 
aggregates, which had formed on hydration, and also to the dissociation of glycinin and 
(3-conglycinin into their respective subunits. Only a limited amount of the final 
structure of soya isolate PP 500E formed when the system was heated. Most of the 
structural formation occurred when the system was cooled and the kinetic energy of 
the system decreased. The structure ultimately formed was described as a ‘colloidal 
aggregate’ because of its relatively non-elastic rheological behaviour and the 
aggregated appearance of the structure observed under the electron microscope.
Seventy percent of soya isolate PP 500E comprised of the 118 globulin, glycinin. In 
its native state glycinin formed a fine-stranded and relatively elastic gel network. A 
considerable amount of the glycinin of soya isolate PP 500E must have been present in 
a denatured state to account for the substantial difference in the structural and 
functional properties of the isolate when compared with those of native glycinin.
Calcium increased the soya isolate PP 500E aggregate formation. Heating soya isolate 
PP 500E with added calcium resulted in the formation of a more randomly aggregated 
network structure.
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Bipro whey isolate : Gels formed from Bipro whey isolate were more fine-stranded 
when compared with those formed from soya isolate PP 500E. However, Bipro whey 
isolate gels were not as elastic as those formed from native p-lactoglobulin. This 
finding agreed with all of the previous work which has been done on whey isolate and 
P-lactoglobulin (Langton and Hermansson, 1992; Hermansson, 1988; Harwalker and 
Kalab, 1985).
In the present study Bipro whey isolate was found to contain an increased ratio of P- 
lactoglobulin to a-lactalbumin and a decreased overall concentration of BSA when 
compared with the composition of Bipro whey isolate reported by Morr and Ha, 
(1994). This type of variation could cause batches of Bipro whey isolate to have 
markedly different functional properties because P-lactoglobulin and BSA are believed 
to interact in gel formation (Hines and Foegeding, 1993). Despite this the Bipro whey 
isolate gelled according to the sol-progel-gel mechanism proposed by Ferry, (1948). 
Therefore a high proportion of the final network structure formed on heating which 
was in contrast to the gelling behaviour of the soya isolate PP 500E.
Addition of calcium to Bipro whey isolate caused a more randomly aggregated gel 
structure to form. This had previously been described by Varunsatian et a l, in 1983; 
Patocka and Jelen in 1991; and Jeyaijah and Allen in 1994 who concluded that this 
behaviour was due to the association of calcium with p-lactoglobulin.
The interactions between soya isolate PP 500E and Bipro whey isolate : Mixtures of 
an equal ratio of soya isolate PP 500E and Bipro whey isolate bulk phase separated. 
Both rheological and microscopic analysis implied that the whey isolate formed the 
continuous network up to a ratio of 5:1 soya isolate PP 500E to Bipro whey isolate. 
At the 5:1 ratio there appeared to be a phase inversion and the soya isolate PP 500E 
became the continuous network. This was because most of the Bipro whey isolate 
network structure formed on heating before that of the soya isolate PP 500E which 
gelled mainly when the system was subsequently cooled.
Addition of small amounts of Bipro whey isolate to a primarily soya isolate PP 500E 
system (ratios of > 5:1 soya isolate PP 500E : Bipro whey isolate) resulted in a
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significant increase in the amount of structural formation which occurred on heating, 
far above that expected for the concentration of Bipro whey isolate which was present. 
This was thought to be due to an increase in the effective concentration of the Bipro 
whey isolate present. This appeared to be brought about by the steric exclusion of the 
Bipro whey isolate into concentrated inclusions.
Soya isolate PP 500E could be induced to form a gel structure at concentrations below 
its minimum gelling concentration by the addition of small amounts of Bipro whey 
isolate. This was thought to be due to the stabilisation of the soya isolate structure by 
the Bipro whey isolate inclusions. It could also have been brought about by the effects 
of the general phenomenon that the addition of smaller proteins to a dispersion of 
larger proteins tends to improve the dispersibility of the larger protein (Flory, 1953). 
Addition of calcium caused the mixed system to de-mix as was recently reported by 
Roefs et al.^ (1994). The rheological and microscopic analysis of the mixed system 
with added calcium showed that this was due to the increased self-aggregation of both 
soya isolate PP 500E and Bipro whey isolate.
Like the soya isolate PP 500E and Bipro whey isolate the native proteins 11S and p- 
lactoglobulin were found to phase separate. However, the dimensions of the phases 
were not the same. Further work is necessary to establish whether a range of 
dimensions of phase separated networks could be produced if a range of soya and 
whey isolates, which have been processed to different degrees, were used.
Overall, if used at the correct ratios, the soya-whey isolate mixed system appeared to 
contain ‘solid-like’ whey isolate inclusions within the more colloidal soya isolate 
matrix. It has already been postulated that the soya-whey isolate combination may 
prove useful in the development of a yellow fat spread product because of the 
possibility that it may behave in this way (Chronakis and Kasapis, 1993). The 
optimisation of the size of the whey isolate inclusions for the production of a 
spreadable product could be achieved by using isolates which have been processed to 
different degrees.
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7.2 Interactions Between Soluble Wheat Protein and Salt-Soluble 
Meat Proteins
Soluble meat protein : Soluble wheat protein did not appear to denature on heating in 
the conventional way. Dénaturation of un-modified wheat gluten is also un­
conventional (Hoseney and Rogers, 1990). Heating soluble wheat protein did cause 
the exposure of hydrophobic residues and there appeared to be a breakdown of protein 
aggregates. Subsequent heating lead to the formation of a ‘sponge-like’ gel structure 
which was not significantly stabilised on cooling. A similar gel structure was observed 
by Freeman et a l, 1991 when studying wheat gluten.
Calcium stabilised the soluble wheat protein gel network by specific interactions with 
the carboxyl groups which are prevalent on this deamidated gluten.
Salt-soluble meat proteins ; Salt-soluble meat proteins formed a fibrous gel which 
begun to form immediately after actomyosin dénaturation. The widely spaced network 
strands were made up of aggregated fibres. The overall network structure was brittle 
and did not bind water very effectively.
The interaction between soluble wheat protein and salt-soluble meat protein ; In 
general these mixed gels were more cohesive, less brittle and had a higher water 
binding capacity than salt-soluble meat protein gels. Addition of small amounts of 
soluble wheat protein to the salt-soluble meat protein gel led to a wide dispersion of 
the soluble wheat protein which formed a ‘sponge-like’ gel between the fibres of the 
salt soluble meat protein gel network. Thus, the addition of soluble wheat protein to a 
product with a matrix which consisted essentially of salt-soluble meat proteins, could 
improve the water-holding capacity of the product and also alter its overall mouth-feel. 
Pilot plant studies would be necessary to properly assess the effect of the addition of 
soluble wheat protein to whole meat products.
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7.3 Comparison of the Two Mixed Protein Systems
Comparing the work on both mixed systems an overall scheme was apparent: The most 
marked changes in the functional properties of a mixed system, away from those of 
main phase, were seen when only small amounts of one protein were added to a 
continuous phase of a second protein. This may have been because at more equal 
ratios the proteins preferred to self-associate. Added protein was only dispersed 
throughout the system if it was present in small amounts. To substantiate this general 
theory more work could be done on a wider range of protein mixtures.
To conclude, increasingly research is progressing into the area of food ingredient 
interactions in order to produce foods of desired functional and nutritional qualities. 
The work undertaken in the present study has thoroughly investigated the interactions 
between two pairs of food ingredients and has highlighted potential areas for their 
commercial use within food products. Similarities between the behaviours of the two 
mixed protein systems have also been noted. The potential for further work is clearly 
as far reaching as the list of food ingredients in current use. There is little doubt that 
this type of research will be increasingly used both to optimise the use of food 
ingredient combinations and also to achieve novel functional properties which cannot 
be produced by any one ingredient in isolation.
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